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[Summary]

SUMMARY

Among the problems associated with the use of
tibial functional bracing for the management of tibial
shaft fractures, are post-fracture ankle stiffness and
the duration of immobilisation. This study was
undertaken to investigate in detail these two problems.
It involved the design and assessment of a new type of
brace called the 2 in 1 functional brace.

The study was designed in 3 parts.

Part 1 deals with the problem of clarifying the
biomechanical function of the brace. It led to the
development of a method for estimating the three
dimensional forces and moments carried by the limb-brace
complex at the 1level of the fracture. For this five
volunteer patients, treated with a 2 in 1 brace for
tibial shaft fractures, were each tested on 3 separate
occasions. This study led to the conclusion that the
brace is neither an off-loading, nor an anti-buckling
device, but functions with a combination of these two
mechanisms. The data also highlighted the importance of
the removable "foot-piece" in the design of the brace
for optimum healing of tibial fractures. The information
obtained allowed rationalisation of the new design.

Part 2 of the study concentrated on the problem of
determining the optimum duration of immobilisation in
the brace. A non-invasive method of assessing healing by
measurement of fracture stiffness was developed. This

method gave encouraging results and it was decided to
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[Summary]

computerise the system. The efficacy of the system was
assessed clinically in a trial on 10 patients. The
results were encouraging and it is recommended that the
system be tested in a larger controlled trial, before
its routine use.

Part 3 of the study tested the new design of brace
in a clinical trial on 80 patients. The trial was
conducted to test the efficacy of the design in a
clinical environment and to assess its effect on the
stiffness of the ankle and sub-talar joints following
fracture healing. The brace gave good clinical results
with a mean healing time of 97.5 days in the series. The
ranges of lower limb joint motion were found to be near
normal at a mean follow-up of 16 months, indicating the
success of the design in decreasing the incidence of
post-fracture ankle and sub-talar joint stiffness.

The conclusions from the study suggest that a
controlled trial is justified to compare the efficacy of
the "2 in 1 brace" against other methods of managing
tibial shaft fractures. The data from this series showed
that the nature (simple or open) of the fracture, axial
stability of the fracture, fracture fragment apposition,
treatment modality and time of brace application did
affect the outcome of fracture healing.
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[General Introduction]

CHAPTER 1

GENERAL INTRODUCTION AND LITERATURE REVIEW

"The Ancients discovered much, and yet left
much more still to be discovered”.
(Johannes Scultetus 1595-1645)

The treatment of tibial shaft fractures is
controversial. There is a spectrum of methods ranging
from immediate internal fixation to long term cast
immobilisation (Leach 1984). The author’s interest in
the subject began during his Orthopaedic training in
Pakistan. Trauma cases accounted for 70% of the bed
occupancy, with the majority due to long bone fractures
in young people. The need for a cheap, effective
out-patient method of management for these. fractures was
obvious. In 1985 a project was set up at Jinnah
Post-Graduate Medical Centre Karachi, to investigate the
possibility of using functional cast bracing for the
treatment of femoral and tibial shaft fractures.

One of the limiting factors in the introduction of
a new method of treatment in a developing country is the
cost of the necessary equipment and raw materials. In
the case of femoral braces this proved to be the knee
hinges (commercially available for approximately 25
Pounds Sterling). The author’s design of knee hinges, a
thin strip of the material "Teflon" reinforced with
stainless steel curtain railings, was finally chosen

(figure 1.A). The low unit cost (less than 50 pence) and
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their multiple use made the project economically as well

as clinically viable.

FIGURE 1.A: Low cost knee hinge design made from

available materials in Pakistan.

Tibial functional bracing was a clinical success
but post fracture ankle stiffness and the duration of
immobilisation were identified as problems in the
population treated. The large distances involved in
patient travel resulted 1in limited access to

physiotherapy.

The author's period of post-graduate study in the
United Kingdom provided an opportunity to study the
design, function and duration of application of the
tibial Dbraces scientifically in order to make them

applicable to a developing country.

A new design of tibial functional brace was

developed and gait analysis studies provided
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biomechanical information on its mode of action. The
concurrent development of a non-invasive method of
measuring fracture stiffness, as a guide to fracture
healing, allowed a more objective measure of the
duration of bracing. A clinical trial was initiated at
the Western Infirmary Glasgow to test the effect of the
brace on fracture healing, ankle stiffness, its cost and
ease of application.

It is believed that with improvements in design and
a better understanding of its mode of action, together
with objective methods of assessing fracture healing,
the role of functional bracing will increase in both the
developed and developing worlds.

1.1 DEFINING THE PROBLEM

Among the conservative methods of treatment for
tibial fractures, functional bracing has been accepted
as the best option based on the concept of "controlled
motion" which is physiologically induced and is perhaps
the single most important factor in promoting
osteogenesis (Sarmiento 1967, Dehne 1980, Rowley and Lee
1989, Leach 1984). Although researchers have contributed
to the understanding of functional fracture bracing and
its application in the clinical context, there are still
some unanswered questions. In particular the following

problems require further elucidation:-

MECHANISM OF TIBIAL BRACING: The clinical results
of functional bracing have shown its effectiveness in
the treatment of tibial shaft fractures. Evolution in
brace design has followed better understanding of its
mechanism of action. Biomechanical studies of functional
braces have helped to improve the design and
effectiveness of this method of treatment (Sarmiento and
Latta 1981, Pratt et al 1982). Despite this, there has
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been some controversy on the mechanism of functional
bracing.

Opinion is divided between those who believe it is
primarily an "off loading" device (Hardy 1981, Wardlaw
et al 1981, Pratt et al 1982, Scott 1989) and those who
believe it functions primarily as an "anti buckling”
device (Mooney 1974, Meggitt et al 1981, Kwong 1988).

Hardy (1981) estimated the distribution of 1load
between the skeleton and the brace in five patients,
with femoral shaft fractures treated by cast bracing. He
used a set of standing scales to measure ground reaction
forces, while strain gauges applied to knee hinges
measured the axial forces passing across the cast brace.
He estimated that the force transmitted across the knee
hinges varied between 35 - 67 per cent of body weight.
These figures were based on a simple set of instruments.
The strain gauges were capable of measuring only axial
forces and had to be calibrated in a complex manner
introducing an element of error. The study was a
"static" one and could not be used to reflect the
situation in a dynamic environment. The application of
strain gauges at the knee could not give a true
estimation of the force acting across the femoral
fracture, which is situated more proximally. The study
therefore cannot be taken as evidence that the brace

primarily acts as an off-loading device.

Wardlaw et al (1981) conducted a similar study but
used more sensitive instrumentation. They measured the
forces off-loaded by the femoral cast brace in 30
patients by applying strain gauge transducers at the
level of the fracture, after splitting the cast
circumferentially at that 1level. Again these strain

gauges were only capable of measuring axial forces, but
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the ground reaction force was measured using a
force-plate. The study was again a static one as the
patient was asked to stand on the force-plate while
bearing as much weight as possible on the injured leg.
They concluded that the maximum off-loading capability
of the brace varied from 20 - 50 per cent of the body
weight. This study though improving on the methodology
of measuring forces and confirming the results of Hardy
(1981), cannot be considered proof in favour of the
‘primarily axially off-loading concept for the brace. The
shortcomings were similar in the static nature of the
study and the inability of the transducers to measure

the "moments'" occurring at the level of the fracture.

Pratt et al (1982) investigated 25 femoral
fractures during the stance phase of the gait and found
the brace to off-load 20 - 40 per cent of the body
weight axially. A subsequent two dimensional analysis
was performed to include inertial effects and to
estimate the net muscle action allowing calculation of
the forces acting on the femur. However, in a detailed
description of the system Pratt (1981) stated that the
multi-component transducers employed to measure the
loads at the fracture 1level were only capable of
measuring forces. This was confirmed by one of his
co-authors, J M Scott (1989). The analysis was
restricted to an analysis of the forces and moments
calculated from these two dimensional forces. The values
of the moments transmitted by the transducers could not
be measured. Thus the inference that the brace is
primarily an off 1loading device (Scott 1989) was

influenced by the limitations of the measuring system.
In contrast to these studies, Mooney (1974)
believed that 10-20 per cent of off loading occurs at

the knee in a well contoured brace. Meggitt et al (1981)
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presented a study of 32 patients treated with a femoral
cast brace and estimated the 1loads carried by
incorporating strain gauges into the knee hinges. These
were capable of measuring axial forces only and the
ground reaction forces were measured using a portable
force-plate. They disagreed with the concept that the
cast brace was primarily an off-loading device and
concluded that it carried loads of only 10 - 20 per cent
of body weight and thus functioned mainly as an
anti-buckling hinged tube. They believed that the
three-point fixation principle applied to the cast
brace. The upper thigh cast proximally and the shin cast
distally provided medial supports, while the lower thigh
cast and hinges gave lateral support. This study also
had its limitations, as Meggitt and his co-workers were
reaching their conclusions without estimating or
considering the moments involved at the level of the
fracture. The strain gauges used were not capable of
measuring the orthogonal moments, nor did they conduct a
dynamic study to estimate the variations in forces and
moments that occur during gait.

Kwong (1988) conducted a dynamic study using
multi-component strain gauged transducers capable of
measuring the three forces and moments at the level of
the fracture in a femoral cast brace. He agreed in
general with the conclusions of Meggitt et al (1981)
that the brace was primarily an anti-buckling device. He
showed that the component of axial off-locading by the
brace was small and did not exceed more than 10 per cent
of body weight at any time during the stance phase of
gait. The medio-lateral moment (Mx) off-loaded was
comparatively higher than expected, supporting the
anti-buckling concept. The limitation of this study was
in the shortcoming of the "software" used for collecting

data from the strain gauge transducers, force-plate and
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the TV cameras. The data was not collected
simultaneously and had to be merged at a later stage,
introducing an element of error in the calculations.

To resolve the controversy as to the primary
function of the brace, measurement of the three
dimensional dynamic moments as well as the axial forces
is essential. It is only from such comprehensive data
and analysis that any definitive conclusions can be
drawn. All the biomechanical studies conducted to
elucidate the functions of a cast brace have been
carried out on femoral braces. The conclusions drawn
were then extrapolated to tibial braces, on the
assumption that the functions of the two orthoses would
be essentially the same. It is important to carry out
independent studies on tibial functional braces because
the nature of the forces and moments experienced by the
tibia, as well as its anatomy, is different from the

femur and may require a different approach.

A resolution of the biomechanical role of the
tibial functional brace may well give designers scope
for improvement on the present design of functional
braces through a clearer understanding of the
requirements for their component parts.

DURATION OF BRACING: Functional fracture bracing
has been successful in the clinical management of the
tibial fractures, but the clinician still lacks an
objective method on which to base his decision to
discontinue treatment. Fracture healing prediction is
unreliable. Clinicians rely on clinical assessment and
radiological evidence to assess how far the fracture has
healed, these evaluations tend to be conservative thus
resulting in over-treatment. The clinical and

radiological evidence 1is subjective and unreliable
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(Burns and Young 1942). Nicholls et al (1979) concluded
that a physician, whether an orthopaedist or
radiologist, is not very reliable at determining early

osseous union, using x-rays alone.

Clinical methods combined with radiological
examination, however, are satisfactory for defining the
end-point of fracture union in approximately 90 per cent
of patients, though with an accuracy of +/- 3 weeks for
an average long bone fracture (Kenwright 1985). This
implies that some of the fractures are over-treated by

as much as 3 weeks.

The following could be considered as the problem
areas where normal clinical and radiological methods are

inadequate.

a) THE DIFFICULT DIAGNOSTIC PROBLEM: Those
patients who are returning to strenuous work or
professional sport require an accurate assessment, of
the mechanical integrity of the healed fracture. These
patients who have sustained tibial diaphysial fractures
may be at risk of re-fracture. Kenwright (1985) stated
that "in our present state of knowledge these patients
may either be placed at risk of re-fracture, or be
prevented from taking part in normal activities for many

months longer than is necessary".

Non-union can be difficult to assess clinically and
radiologically. This could lead to non-recognition and

late intervention.
b) COMPARING TREATMENT REGIMENS: In order to

compare different treatment methods for tibial

fractures, it is essential to have an objective,
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accurate and repeatable method of recording
biomechanical end points for fracture healing.

c) INVESTIGATIONS OF STAGES OF FRACTURE HEALING:
There is a considerable literature describing research
into the histological, microvascular and biochemical
events that occur during fracture healing. But very
little information is available about the sequence of
biomechanical events. It is essential that further

investigation is carried out into:

1 The biomechanical changes occurring during
healing.
2 The influence of different mechanical

environments upon the stages of fracture
healing process.

Researchers have suggested different methods of
assessment of fracture healing. Radio-isotopes
(Johannsen 1973, Hughes 1980), ultrasound (Abendschein
and Hyatt 1972), radio opaque dye injection (Puranen and
Kaski 1974), bone percussion (Sekiguchi and Hirayama
1979) and mechanical stress testing methods (Burny
1979a, Jorgensen 1979, Hammer et al 1984, Rymaszewski
1984) have all been used. Most of these methods have
their limitations. They are either invasive techniques
or are not "quantitative" enough to give a reliable
assessment of fracture healing. Some of the above
techniques do not assess mechanical integrity of the
skeleton and thus are not representative of the
mechanical strength of the skeleton.

Before the advent of radiographic techniques,
surgeons relied on evidence of manual stressing of
fractures before removal of the support. Radiographic
technology diverted the clinicians attention to what was
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"appearing" on the x-rays from what was actually
happening to the fracture.

The strength of a bone is 1largely due to its
collagen and not its minerals (Sevitt 1981, Dee and
Sanders 1989). Radiographic techniques demonstrate the
process of mineralisation during fracture healing
because mineral is radio-opaque, it cannot identify the
presence of collagen which is radio-lucent. On
appearance of mineralised callus during healing, the
clinician assumes that formation of collagen or osteoid
matrix must have occurred already, because
mineralisation always follows osteoid matrix (Sevitt
1981). If a large amount of mineralised callus is seen
on x-rays 1in conjunction with stiffness of bone on
manual stressing then the decision to remove cast
support from the tibial fracture is usually taken. The
problem with the radiographic techniques is its
inability to identify the formation of collagen or
osteoid matrix before the actual mineralisation of the
tissue. Because the actual strength of the callus is due
to the presence of this tissue and not the mineralised
component, it may result in unnecessary delay in removal
of the support.

It is possible for callus to achieve reasonable
strength without showing any mineralisation, which could
be delayed for reasons other than those affecting the
formation of osteoid matrix (Edholm et al 1983, Burns
and Young 1942). If such is the case, manual stressing
would pick up the stiffness, whereas x-rays would show
no callus at all. Such a situation in a clinical
environment 1leads to the clinician preferring the
radiologic evidence to his own clinical assessment. This

may result in over treatment and associated hazards.
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This discussion highlights the need for a
non-invasive method of monitoring fracture healing. It
is logical that such a system would be a mechanical
method of measuring strength/stiffness of the callus.
Such a system when used in conjunction with clinical
assessment would provide a safe and objective

alternative to radiographic assessment.

THE PROBLEM OF JOINT STIFFNESS: In the modern era,
conservative methods of fracture treatment have always
relied on immobilisation of the joints above and below
the fracture. It was only with the popularity of
functional bracing that clinicians realised that it was
not essential to immobilise the joints above and below
the fracture for the whole duration of the treatment.
This belief led to early mobilisation of joints, with
support to the fracture fragments being maintained by
the use of suitably designed braces.

The problem of maintaining the position of the
fragments still required immobilisation of the joints
above and below the fracture. This led to stiffness of
the joints which persisted when the cast was removed.

To overcome this problem Sarmiento suggested his
design of functional cast, based on the principles of
below knee prosthetics. This cast called short leg cast,
popularly known as Sarmiento cast, allowed free movement
of the knee joint while still maintaining the
immobilisation of the ankle joint at an early stage of
healing. Sarmiento suggested its application at 2-4
weeks post injury (Sarmiento and Latta 1981). This
overcame the knee Jjoint stiffness resulting from
conservative treatment of tibial fractures using long
leg casts, but was unable to prevent the stiffness of
the ankle and sub-talar Jjoints (Digby et al 1983).
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Sarmiento (Sarmiento and Latta 1981) then proposed the
use of a gaiter with a heel cup, to allow ankle joint
movement, either after application of the "Sarmiento
cast" or by-passing the stage of Sarmiento cast

application in certain selected cases.

This regime 1led to improvement in ankle and
sub-talar joint movement after treatment, but also
increased the total treatment cost. The use of the
gaiter with heel cup at a later stage of fracture
healing, such as 6 weeks post injury, is acceptable but
its use at the early stage of 2-3 weeks post injury
should not be recommended based on the current knowledge

of the biomechanics of the lower limb.

Sarmiento did not advise routine early application
of the gaiter with a heel cup in his treatise on the
subject of functional bracing except 1in special
circumstances (Sarmiento and Latta 1981). Recently
surgeons have advocated its use at an earlier stage of
fracture healing as a solution to overcoming the problem
of ankle and sub-talar joint stiffness. This practice is
inadvisable on the grounds that supination and pronation
of the foot leads to external and internal rotation of
the tibia (Inman 1976), because of the mechanism of
"torque transfer". This rotation is of the order of
15-25 degrees depending on the range of movement in the
forefoot. This fact implies that in cases of fractured
tibias where the foot is allowed free mobility at an
early stage of fracture healing, the mechanism of torque
transfer results in production of "internal moments"
which produce rotational and shear stresses at the
fracture site (figure 1.1.A). These stresses are not
only liable to introduce rotational deformities during
fracture healing, but would also affect the healing

process itself.
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MECHANICAL MODEL DEMONSTRATING EFFECT OF
FORE FOOT MOVEMENT ON TIBIAL SHAFT FRACTURE.

With fracture of tibial shaft, With fracture of tibial shaft,
distal fragment rotates distal fragment rotates
externally relative to the internally relative to the
proximal one on supination. proximal one on pronation.

( ADAPTED FROM
Ini.-an et al - 1981

FIGURE 1.1.A: Shear stresses on tibial fracture if
movement of foot is allowed early in the stage of
fracture healing.

In the literature little attention has been paid to
quantifying the rotational deformities of tibial shaft
as a result of fracture, primarily because no reliable
method exists of measuring this rotation non-invasively.
Upadhyay and Moulton (1985) reported results of
determination of femoral neck anteversion following
femoral shaft fractures using ultrasound scanning. They
were able to show that differences of up to 20 degrees

existed between the fractured side and the normal side.
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This highlights the fact that differences in diaphysial
rotation following a fracture may exist without any

" overt signs unless specifically looked for.

It is possible that development of a similar method
for measuring rotation of a tibial shaft may identify
the effect of "torque transfer" mechanism on the
rotational deformities of the tibia during fracture
healing, if the foot is allowed free movement during the
early stages of healing.

It is recognised by the clinicians that although
axial 1loading is beneficial for healing, shear and
rotational stresses are detrimental. Richardson (1989)
believes that 1loading which is consistent or
unidirectional 1is beneficial to healing whereas a
combination of axial loading and shear is not, he calls
it the principle of "consistency of direction" (figure
1.1.B). The callus of sheep osteotomies subject to
controlled cyclic movement has a distinct pattern of
trabeculae and blood vessels (Goodship and Kenwright
1986). It is likely that only those blood vessels that
run in the direction of the applied movement survive,
but are very susceptible to injury from movements in a
different plane. Cyclic movements of an axial or bending
type allow blood vessels to form in similar directions
(Richardson 1989).

Translation or rotation however produces shear
forces across the plane of fracture and would thus
disrupt such vessels. This being the case it would seem
that ankle joint immobilisation has a place in the early
stages of fracture healing, as leaving it free allows
rotational and shear stresses to disrupt these blood
vessels and possibly 1lead to delayed or non-union.

Considering the above reasons it seems that design
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rationalisation of functional bracing for treatment of
tibial shaft fractures 1is required to overcome the
problems of joint stiffness without compromising

fracture alignment and union.

PRINCIPLE OF CONSISTENCY OF DIRECTION

SITUATION 1:
Blood Supply
Maintained

Axial Loading Bending

SITUATION 2:
Blood Supply
Not Sustained

Blood Supply
injured

ADAPTED FROM
RICHARDSON 1989

FIGURE 1.1.B: Combination of axial and shear forces are
deleterious to the fracture healing (adapted from
Richardson 1989).

1.2 ATMS OF THE STUDY

The study was designed to investigate these three
problem areas in the management of tibial shaft
fractures with functional bracing. In order to
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accomplish this the study was conducted and is presented
in 3 parts.

The first part (Part 1: Load Transducer study)
deals with the problem of clarifying the biomechanical
function of the brace. A method was developed for
estimating the three orthogonal forces and moments
carried by the functional brace at the level of the
fracture site. It was hoped that the information gained
would not only validate the new design of 2 in 1
functional brace, but might also suggest further

improvements.

The second part (Part 2: Fracture Stiffness
Measurement) of the study was aimed at the development
of a non-invasive method for measuring fracture
stiffness. This was in response to the problem of
determining the duration of functional bracing. It was
hoped that such a system would satisfy most of the
criteria of an ideal system for monitoring fracture
healing (section 4.8), and would prove its efficacy in a
clinical trial.

The third part (Part 3: 2 in 1 Functional Brace -
Clinical Trial) of the study was concerned with testing
the new design of the functional brace, 2 in 1 brace, in
a clinical trial. The trial was designed to test its
efficacy in a clinical environment and also to assess if
any improvement in joint function was achieved after
healing of the fractures.

This thesis presents these three arms of the study

and discusses how successful each part was in achieving

its aims.
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1.3 HEALING OF FRACTURES

Ffacture healing is commonly described
morphologically (grossly or histologically) since all of
the classic descriptions have been in this form (Gallie
and Robertson 1919, Urist and Johnson 1943, Cruess 1984
and McKibbin 1978). Non-morphologic (chemical,
mechanical) descriptions have recently become important.
The morphologically conceptualised sequence of repair is
more or less constant under natural conditions and there

is little disagreement about this sequence.

Cruess (1984) described the fracture healing
process as occurring in three overlapping stages; an
initial inflammatory phase, a reparative phase and a
remodelling phase. He stressed that the events described
in one phase persist into the next and the events
occurring in the subsequent phases begin in an earlier
phase (figure 1.3).

( .

Healing of Bone, Tendon, and Ligament

INFLAMMATION  REPARATIVE REMODELLING
PHASE PHASE PHASE

INTENSITY
OF RESPONSE

-10%—~
- 40% 10%

TIME

FIGURE 1.3: Three stages of fracture healing (from
Cruess 1984).
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Sevitt (1981) divided the healing process into two
stages. The first preparatory stage essentially consists
of the inflammatory and reparative phases of Cruess. The
second stage of Sevitt also involves remodelling of the

callus as does the third remodelling phase of Cruess.

The inflammatory phase begins when fracture leads
to bone damage, the soft tissue envelope including the
periosteum and surrounding muscles is torn and numerous
blood vessels crossing the fracture line are ruptured.
Hematoma accumulates within the medullary canal, between
the ends of fracture fragments and beneath any elevated
periosteum. This accumulation of blood rapidly clots.
Sevitt believed that histologically, fibrovascular
invasion of a hematoma in or immediately around a
fracture is not a prominent phenomenon because most
extravasated blood disappears through 1lysis,
phagocytosis and other means. Studies by Flatmark (1964)
had indicated that fracture union in haemophiliacs took
place normally unless the fracture was badly positioned
or unstable. This supports the view that haemorrhage
does not significantly affect bone repair. The blood
vessel damage deprives the osteocytes of their nutrition
and as a result they die as far back as the junction of

collateral channels.

The presence of necrotic material 1leads to an
immediate and intense acute inflammatory response, which
is aseptic in nature (Sevitt 1981). Vasodilatation and
plasma exudation results in the oedema seen in the
region of a fresh fracture. Acute inflammatory cells,
including polymorphonuclear leukocytes followed by
macrophages, migrate to the region (Cruess 1984, Sevitt
1981). As the acute inflammatory response subsides, the
second phase begins to take over and gradually becomes

the predominant pattern. The early response occurs as a
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result of the release of histamine from tissue mast
cells and granules of circulating basophils and other
mediators. The circulating neutrophils, basophils and
mononuclear phagocytes are attracted to the site by
chemotaxis. Release of tissue factors activate clotting
mechanisms causing clotting of most of the blood vessels

within 24 hours with little subsequent bleeding.

The formation of a fibrin clot provides the network
to collect cells and proteins for the reparative stage.
Mediators like kinnin generating systems, prostaglandins
and complement systems may play an important role in the
subsequent responses. Tissue death of bone as well as
soft tissue, may result from a combination of direct
injury, ischemia, and probably mediators (such as
prostaglandins) together with the toxic products
released by the inflammatory and dead tissue cells.

Physical and biological changes also occur during
the inflammatory phase. Yasuda et al (1955) recognised
the existence of electric potentials in stressed dry
bone and concluded that the dynamic energy exerted upon
bones is transformed into electrical energy, and the
latter plays an important part in callus formation. It
is also recognised that oxygen tension is reduced and pH
increased in the vicinity of the cathodes, which is
consistent with the alterations of the microenvironment
of a fresh fracture. It is believed that such early
changes contribute directly or indirectly to the healing

response.

The inflammatory phase continues for several days
during which time the hematoma organises while the
cellular responses debride the necrotic tissues by
phagocytosis and lysosomal mechanisms. The inflammatory

phase, which is the shortest phase of the three, is
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considered complete when the predominant activity is the
formation of new tissue rather than the removal of old

injured tissue.

The first step in the reparative phase is
organisation of the hematoma. This hematoma probably
plays a small role in immobilising the fracture and
serves primarily as a fibrin scaffold over which repair
cells perform their function. Stirling in 1932 showed
that the microenvironment about the fracture is acid.
This could well be an additional stimulus to cell
behaviour during the early phases of repair. During the
repair process the pH gradually returns to neutral and
then to a slightly alkaline level.

The initial stimulus resulting in cellular activity
aimed at fracture repair is probably quite complex and
undoubtedly includes the alterations in pH, as well as
chemotactic factors released from inflammatory tissue.
Bioelectrical stimuli also appear to play an important
role. Friedenberg and Brighton (1966) reported
electro-negativity in the regions of a fresh fracture.
Their studies showed a characteristic curve pattern of
Direct Current potentials from the skin over the intact
tibia and femur in human subjects. The epiphysis was
positive with respect to sub-epiphysial area; the
metaphysis was negative with respect to the epiphysis,
and two to three centimetres below the epiphysis in the
metaphysis the greatest electronegative value was
reached, the voltage then decreased to isopolarity and
became electropositive in the diaphysis. The curve
pattern of skin potentials over fractured tibiae 1in
human subjects showed a marked departure from the
established pattern. The entire shaft became
electronegative, and the metaphysial electro-negativity

became even higher. A secondary 1increase of
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electro-negativity appeared over the fracture site. With
healing of the fracture, the curve pattern reverted back
to normal. This electro-negativity is dependent on cell
viability and unlike the currents measured in intact
bones, is non-stress generated. It is believed that this
electrical signal is the stimulus for early osteogenesis

and repair.

Unequivocal microscopic signs of cell proliferation
are first seen a few days after injury in most human
fractures, reparative activity in fractured ribs is
first visible at 3 or 4 days after fracture and a day or
two later in medulla near femoral pertrochanteric
fractures (Sevitt 1981). The cells which are directly
involved in the repair of fractures are of mesenchymal
origin and are pluri-potential. Bassett (1962) believed
that during the process of fracture healing cells of
common origin form collagen, cartilage and bone. His
experiments showed that small variations in the
microenvironment of these cells and the stresses to
which they were subjected probably determine which
behaviour predominates. Some cells are derived from the
cambium layer of the periosteum and form the earliest
bone particularly in children, in whom this layer is
active and important. Endosteal cells also participate
while surviving osteocytes do not take part in the
process and are destroyed during resorption (Tonna
1972). Most of the cells involved in fracture repair
reach the fracture site together with the granulation
tissue which invades the region from the surrounding
vessels (Trueta 1963). Fracture repair is indivisibly
linked with the ingress of these capillary buds.

It is notable that the entire vascular bed of an
extremity is increased shortly after fracture, but the

osteogenic response 1is limited largely to the =zones
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surrounding the fracture itself (Rhinelander 1974).
Rhinelander (1974) described the normal circulation of a
typical mammalian long bone as comprising an "afferent
vascular system" carrying arterial blood and the
"efferent vascular system" carrying venous blocod. The
link between these two systems in compact bone is the
intermediate vascular system, composed of thin walled
vessels of capillary size within the smallest bone
canals. Compact bone, unlike the soft tissues, has no
true capillary network. The flow of blood through the
cortical canals appears to have a resting level and a
stimulated level. The difference between the two
represents the potential for increased blood supply
which may be on a physiologic basis, or on a pathologic
basis in response to fracture. Blood flow through cortex
as a whole is normally centrifugal i.e from medulla to
periosteum. The three primary components of the afferent
vascular system of a long bone are; the principal
nutrient artery, the metaphysial arteries and the
periosteal arterioles, which appear to enter a long bone
only under the protection of fascial attachments, to
supply the outer third of cortex where they enter. In
bone undergoing repair, the components of the afferent
vascular system increase functionally above their
resting levels. Additionally, there is an extraosseous
blood supply, derived from the periosseous soft tissues,
to furnish blood initially to periosteal callus and
subsequently to necrotic cortex which has been isolated
from its normal medullary arterial supply.

The cells invade the hematoma and rapidly begin
producing the tissue known as callus, which is made up
of fibrous tissue, cartilage and young immature fibre
bone. The callus thus formed quickly envelopes the bone
ends and leads to a gradual increase in stability of the

fracture fragments. The mechanisms that control the
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behaviour of each individual cell at this stage of the
repair process probably derives from the
microenvironment in which the cell finds itself.
Formation of the fibrous tissue 1is discouraged by
compression or the absence of tension to the cells.
Variations of oxygen tension led to either the formation
of bone or cartilage. Cartilage is formed where the
oxygen tensions are relatively low (Bassett 1962),
presumably owing to the distance of the cell from its
blood supply.

Cartilage thus formed is eventually resorbed by a
process which is indistinguishable from enchondral bone
formation, except for its lack of organisation. Bone is
formed by those cells which receive enough oxygen and
are subjected to the proper mechanical (Lanyon 1989) or
electrical stimuli. During the early part of the repair
process cartilage formation 1is predominant and
glycosaminoglycans (mucopolysaccharides) are found in
high concentrations. This is followed by more obvious

bone formation in the later phases of fracture repair.

It is necessary for bone resorption to take place
coincidentally with bone formation. The fracture bone
ends which have been deprived of their blood supply and
are necrotic need to be removed. Gothlin and Ericsson
1976 showed that the derivation of bone resorbing cells
is totally different from those responsible for bone
formation. Osteoclasts which are derived from
circulating monocytes in the blood are responsible for
bone resorption. Because these cells are not recruited
locally, bone resorption depends on the ingress of blood
vessels. The stimulus for this function is unclear but
Dekel et al (1981) have identified significant amounts
of Prostaglandins in the region of a fresh fracture in

experimental animals. These substances are powerful
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mediators of bone resorption by causing recruitment of
new osteoclasts as well as increasing the activity of
osteoclasts already present (Dominguez and Mundy 1980,
Dekel et al 1981).

Kuhlman and Bakowski (1975) reported considerable
amounts of enzymes mediating carbohydrate metabolism in
the fracture callus. This indicates that the process of
bone repair relies upon carbohydrate metabolism to
obtain structural intermediates and energy. The
biochemical evidence for fracture callus dependence upon
oxidative carbohydrate underscores the known clinical
importance of an adequate blood supply for successful

bone union.

As the mineralisation procgresses the bone ends
gradually become enveloped in a fusiform mass of
internal and external callus. This changes from a "soft"
form to hard callus. Immobilisation of the fragments
becomes more rigid leading to eventual clinical "union".
The concept of union as an end point does not exist
because in the middle of the reparative phase the
remodelling phase begins 1leading to resorption of
unneeded or inefficient portions of the callus and
laying down of the trabecular bone along 1lines of

stress.

The size and proportion of different tissues in the
callus is dependent on a variety of factors. The first
being the amount of motion at the fracture site which
mediates increased callus formation probably through
stimulation of prostaglandins as a result of trauma to
surrounding tissues (Dekel et al 1981). More stable
fixation generally results in smaller amounts of callus
and less cartilage. The second factor is the degree of

soft tissue injury, including periosteal stripping from
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intact bone adjacent to the fracture site. A third
probable factor is the degree of blood supply and
capillary ingrowth.

Urist and colleagues in 1972 stated with their
observations on guinea pigs demineralised bone that the
bone morphogenetic property is a Protein (BMP) which
appears to stimulate osteoprogenitor cells. Mizutani and
Urist (1982) had extracted from demineralised bovine
bone matrix gelatin a bone morphogenetic protein (BMP)
fraction which consisted of 17.5 K (17500) as well as
three other low molecular weight components. They
believed that 17.5 K component is the prime candidate
for BMP. They were not clear about the relationships of
the other low molecular weight components to the 17.5 K
component in inducing differentiation of mesenchymal
cells into cartilage and bone when implanted in the

thigh muscles of mice.

A number of observations suggest that electrical
phenomenon may play a role in stimulating the
proliferation of the cellular components of the callus
and the production of an appropriate matrix. Clinicians
have used electricity in the treatment of fractures as
far back as 1816 when a surgeon, in St Thomas hospital
London, used it successfully for ununited tibial
fracture (Peltier 1981). This stimulated the surgeons in
America to use electrical currents in the treatment of

ununited tibial fractures in the 19th century.

In 1971 Friedenberg and colleagues subjected
undisplaced fractures of rabbit fibulas to galvanic
currents of 10 microamperes. Each fracture was studied
by roentgenogram, stressed for rigidity and evaluated
microscopically. The evidence suggested that the
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cathodal current of this intensity placed within the

fracture site stimulates fracture healing.

Bassett and colleagues in 1974 had suggested the
possibility of applying an electrical stimulus to bone
tissue uSing pulsed magnetic fields without the
necessity of implanting electrodes (Spadaro 1989). In
1982 Bassett and colleagues stated that "pulsing
electromagnetic fields may assume clinical importanbe in
the treatment of fresh fractures if optimum pulse
characteristics can be identified". They also suggested
that certain wave forms that trigger resolution of a
chronic repair process in bone (such as a non-union) are
not effective in augmenting an acute repair process
(such as a fresh fracture), and were of the opinion that
attention must be focused on pulse specificity during
any search for signals that will reduce fracture
disability time. Recently application of electric
currents through skin with surface electrodes has been
improved and used clinically as a potential tool
(Brighton and Pollack 1984).

Spadaro (1989) commented that though the biological
effects of electrical and magnetic stimuli have been
demonstrated under laboratory conditions, there still
remains some controversy over their efficacy in human
fracture healing and bone augmentation. It is felt that
controlled clinical trials have been lacking despite

active commercial development.

Bone possesses the intrinsic capability to identify
changes in its functional environment and to
subsequently stimulate an "appropriate" adaptive
response (Rubin 1989). Skeleton is successful in
withstanding the varied external loads, only because the

adaptive remodelling of the bone tissue is so responsive
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to the functional mechanical demands made upon it. The
concept that mechanical function can alter the course
and balance of bone is one of the oldest in medical
history. Julius Wolff stated his views on the subject in
1892, widely referred to as "Wolff’s law" (Rubin 1989).
He stated that "a change in the primary form and
function of bone or even its function alone, results in
definite changes in the internal architecture according
to self ordered mathematical rules, as well as secondary
changes in the external form of the bone, following the
same rules" (Rubin 1989).

Rubin (1989) was of the opinion that throughout
adult life, mechanically related stimuli are the primary
agents responsible for the positive balance of bone
remodelling, and thus the maintenance of the skeleton’s
structural competence. This hypotheses is supported by
other studies (Woo et al 1981, Lanyon 1989, Kenwright
and Goodship 1989). Woo and colleagues (1981) reported a
17 per cent increase in cortical thickness of the femora
of swines, subjected to a twelve months period of
exercise training. Interestingly their results suggested
that prolonged exercise has a significant effect on the
quantity of bone but not on its quality, because the
mechanical properties of the femora were not
significantly altered. Clinical observation of
hypertrophy of bone after excessive use also confirms

Wolff’s observations (Jones et al 1977).

The mechanical environment is also intimately
related to the bone healing after fractures. Bassett in
1962 demonstrated that compression and high oxygen
tension of primitive (mesenchymal) cells in culture led
to bone formation while compression and 1low oxygen
tension formed cartilage. Tension and high oxygen

tension formed fibrous tissue.
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Lanyon (1989) believed that exposure of fractured
bone to extremely short periods of dynamic strains not
only prevents the resorption which normally accompanies
reduced loading, but also results in an increase in bone
formation proportional to the magnitude of the peak
strain. This osteogenic stimulus saturates after as few
as 36 consecutive 0.5 Hz loading cycles per day
occupying only 72 seconds. As few as 4 loading cycles
per day of a potentially osteogenic stimulus were
sufficient to prevent resorption while being

insufficient to stimulate formation.

Kenwright and Goodship (1989) have concluded from
their studies that the application of appropriate
applied strain through external skeletal fixation
applied to clinical tibial fractures at a time shortly
after injury, when most patients would be very inactive,
appears to enhance the healing process.

These findings indicate that the mechanical
environment is not only capable of stimulating bone
response after injury but is also active during the
normal physiological turnover of bone. It is not yet
clear whether this effect is mediated biochemically by
mediators, such as prostaglandins, or as suggested by
Lanyon (1989) that functional strains within bone tissue
are a controlling variable for bone modelling and
remodelling. The product of structural architecture,
material properties and applied load is described as

strain within the tissues.

Fracture repair is probably stimulated by changes
in the extracellular milieu. Happenstall et al (1975)
reported relative hypoxia at the fracture site which
persists for many weeks. This decrease in oxygen

concentration is believed to stimulate fracture repair,
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although it seems a contradictory finding to the
increase in blood flow observed in and around the
fracture site. It must be assumed that the active cells
have a greatly increased oxygen consumption which
outstrips the increased blood flow. Other changes of
probable importance include the pH and enzymes levels.

Remodelling phase is the final and longest phase of
bone healing extending over years. It is characterised
by the conversion of the strong but disorganised hard
callus of woven bone into relatively organised lamellar
bone of normal or near normal strength. By the time this
phase predominates, the fracture is sufficiently healed
to allow normal function. During this phase of bone
repair, the bone tends to slowly resume its original
shape. Resorption of the unnecessary portion of the
collar of the callus occurs. The medullary canal is
gradually reformed and the osteonal architecture of the
cortex is restored. Angular deformities tend to decrease
with the 1laying down of the bone on the concave
(compression) side and removal from the convex (tension)
side. Rotational deformities are by contrast not
affected very much by the remodelling process. These
processes require the resorption of woven bone, with at

the same time formation of new lamellar bone.

Histologically the osteoclast is the most prominent
cell in this phase, although osteoblasts and osteocytes
are also responsible for the accretion and resorption of
bone. Osteoblasts have the well recognised ability to
form bone, whereas the osteocytes are also thought to be
involved in the formation of the matrix and bone
resorption at a lesser rate (Jande and Belanger 1973).
The precise role of the osteocytes in bone remodelling
is not known. Trabecular bone resorption in the hard

callus occurs primarily by the osteoclasts. The tubular
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appearance of the bone is restored by the appearance of
new lamellar bone. The compact bone formed initially is
less well organised than normal because the increased
uptake of mineral for months or years implies a high

rate of continued bone remodelling.

The coupled processes of bone resorption and bone
formation continually resculpture bone. This remodelling
occurs in discrete localised areas of bone known as bone
metabolic units or bone remodelling units and results in
the formation of discrete packets of bone called bone
structural units (Mundy 1987). This sequence occurs both

in cortical and trabecular bone.

Osteoclasts mediate the bone resorption phase which
takes about 7-10 days followed by a formation phase
mediated by osteoblasts, which lasts for about 3 months.
The period between the osteoclastic resorption phase and
osteoblastic formation phase is called the reversal
phase and during this time the resorption lacunae is
occupied by mononuclear cells. It is believed that the
factors responsible for these phases are local, produced
in bone marrow environment. The nature of these factors
is still a mystery, the factors responsible for
formation phase stimulating the osteoblasts have been
called the coupling factors, since they couple formation
to resorption (Mundy 1987). The cellular events
involved in the formation phase include recruitment of
osteoblastic precursors to the site of defect,
replication, maturation and then formation of bone. It
is not yet known whether all these processes are

mediated by one factor or a family of factors.
Release of bone mineral and degradation of bone
matrix occurs during the resorption phase. These

processes occur together and are mediated predominantly
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by the multi-nucleated osteoclast. A number of systemic
and local factors regulating the number and activity of
the osteoclast have been identified. Humoral stimuli of
osteoclastic bone resorption include parathyroid
hormone, active metabolites of vitamin D, thyroid
hormones, prostaglandins (particularly of E series),
cytokines and epidermal growth factor. The inhibitors of
osteoclast activity include cortisol, phosphate,
calcitonin, colchicine and gamma interferon (Mundy
1987) .

Osteoclast resorbs bone across a specialised area
of the cell membrane called ruffled border. It is
associated with the release of lysosomal enzymes and
collagenase by the osteoclasts, as well as the local
production of acid, responsible for causing release of
mineral from bone. The precursor cell for osteoclast has
not been identified definitely, but evidence is clear
that it is of extra-skeletal origin and circulates
(Mundy 1987). Circumstantial evidence indicates that it
arises from hemopoietic tissue. There is also evidence
that mononuclear cells such as monocytes, tumor cells
and osteocytes are also capable of bone resorption in
vitro, but the role of these cells in physiologic or
pathologic bone resorption in vivo is not yet clear.

It is believed that the principal stimulus for
remodelling, whether in fractured or normal bone, is
physical stress. Genetic factors are also thought to
play a role which is not yet clear. Embryonic bones are
self differentiating and they continue to develop their
normal form more or less in the absence of any applied
load.

Kenwright and Goodship in 1989 concluded that the

fracture healing process 1is very sensitive to small
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periods of daily strain applied axially within two weeks
of fracture. They believed that there are boundaries of
strain magnitude and force of application of applied
movement that if exceeded inhibit the healing process.

1.4 TIBIAL SHAFT FRACTURES
"The object of treatment is the restoration of
complete function with least risk and
inconvenience to the patient and with least
anxiety to the surgeon”.
(Robert Jones 1913)

HISTORY OF TIBIAL FRACTURE TREATMENT: The results
of treatment of tibial shaft fractures have improved
significantly in the past fifty years. Leach (1984)
quotes the results of 54 consecutive 1leg fractures,
published 1in Speed’s Textbook of Fractures and
Dislocations printed in 1928. In this series of cases
from St. Michel’s Hospital in Toronto there were four
deaths, two amputations, six infections, seven delayed
unions and one non-union. Wilson in 1938 referred to a
non-union rate of 20% in tibial fractures (Leach 1984).
The extent of improvement achieved by recent methods,
becomes apparent when these results are compared with
the recent series of Sarmiento et al (1989) who reported
a non-union rate of 2.5% in a total of 780 cases. No
shortening was reported in 40% of the cases, while the
rest healed with an average shortening of 7.1 mms.
Angulatory deformity less than 5 degrees occurred in 53%
of the cases. Similar improvements in healing rates have
been described by Brown and Urban (1969) and Nicoll
(1964) .

CONSERVATIVE METHODS OF TREATMENT: The views of
James Ellis (1964) could be taken as representing those

of the "conservative" school in the management of tibial
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fractures. In his opinion "however attractive the
possibilities of operative treatment may seem, operation
still entails the conversion of a closed fracture into
an open one, and the consequent risk must be weighed
against the theoretical advantages". Ellis believed that
a surgeon could not promote union, he could only create
conditions that favour the natural process. He had also
cautioned his colleagues to "treat the patient and not
the radiographs", implying that anatomical reduction was
not the sole aim of treatment and functional results
could still be exceptional without achieving a perfect

reduction.

Similar views have been expressed by Oni et al
(1988), who observed the natural history of 100 closed
fractures of the adult tibial shaft treated by closed
methods. They reported that by 20 weeks 81% of the
fractures had united with another 15% uniting by 30
weeks. Only 4% required operation as no further progress
in healing was anticipated. They concluded that "with
regard to healing, open reduction and internal fixation
is rarely justified in closed adult -tibial shaft
fractures".

Although the conservative methods of treatment have
been successful they are not without problems. Different
forms of conservative treatments have been used such as
skeletal traction, long leg cast, below knee cast and

functional bracing.

Dehne et al (1961) popularised the concept of early
weight bearing in a long leg cast. The cast was applied
with the knee straight and the patient was encouraged to
bear as much weight on the leg as desired. They reported
a series of 207 cases treated by this method. All the

fractures united, the average time for healing and
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rehabilitation was 5 months. They concluded that the
consistency and rapidity of union obtained was
attributable to the avoidance of surgery or traction
with the acceptance of some minor degree of shortening.
The favourable results were attributed to the functional
stimulation of continuous weight bearing and closer
attention to rehabilitation.

Functional bracing of fractures could be defined'as
a method of management which allows physiological
function of the limb while at the same time maintaining
the fracture fragments in alignment. Functional bracing
for the lower limb would imply weight bearing as well as
use of the joints of the limb. In the management of
.tibial fractures this could take several different
forms. A weight bearing below knee cast allowing
movement of the knee joint, a short leg brace allowing
free movement of the knee joint with controlled movement
of ankle joint, or the Delbet gaiter allowing free
movement of both knee and ankle Jjoints. Among the
conservative methods, functional bracing has been
accepted as the best option based on the concept of
"controlled motion" which is physiologically induced and
is perhaps the single most important factor in
osteogenesis (Sarmiento 1967, Dehne 1980, Rowley and Lee
1989). Functional bracing which results in movement
between bone fragments constitutes an irritant leading
to a number of changes, electrical, thermal and
vascular, all disposing to osteogenesis.

In the late 60’s and early 70’s Sarmiento (1967 and
1970) presented his ideas on the use of a below knee
cast for treatment of tibial fractures based on the
principle of the patellar tendon bearing prosthesis used
for the below knee amputee. Sarmiento (1967) reported a .

series of 100 consecutive tibial fractures treated by
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this method. All fractures united and the average time
for healing was 101.5 days. Maximum amount of shortening
was 2.2 cm while the maximum amount of angulation was 8
degrees. He noted that in several patients less than
anatomical restoration of length or alignment, or both
was accepted since the position tended to remain
unchanged after the application of the first total
contact cast.

Although the results with the Sarmiento casts
improved over the years (Sarmiento 1974), there was
still a problem of ankle joint stiffness experienced by
the patients after removal of the cast (Sarmiento 1967,
Digby et al 1983). To overcome this Sarmiento suggested
the use of a short leg brace, which left the ankle free
to move, with the use of a plastic heel cup.

The gaiter cast was originally proposed by Delbet
(Leach 1984). This device allows movement of both the
knee and ankle joint while supporting the tibial
fractures during the late stages of healing. Weissman et
al (1966) reported its use in a series of 140 patients.
These patients were initially treated in a non-weight
bearing long leg cast for 6-8 weeks, followed by a full
weight bearing long leg cast until radiographic evidence
of adequate amount of callus was seen. The patient was
then converted into a Delbet gaiter cast till the union
was complete. The average healing time was 127 days.
There was 1 case of non-union, 8% showed residual
angulation and 23.5% showed a residual step-off
deformity. Weissman and his co-workers concluded that
"closed treatment in its simplest form is a very
reliable method for tibial shaft fractures".

The traditional use of 1long leg casts was

associated with a number of disadvantages. When the cast
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was removed on completion of the treatment the ankle and
knee joints were often found to be stiff (McMaster
1976), the muscles had undergone atrophy and the bone
looked osteoporotic. These changes were broadly termed
as "cast disease", resulting from restricted 1limb
function. Improperly applied casts were also responsible
for skin sores, neuro-vascular problems could result
from tight casts, and thermal burns from the exothermic

reaction during setting of the plaster.

Functional bracing overcame most of the problems
associated with immobilisation of the tibia with a
traditional 1long leg cast. The function of the 1limb
maintained the muscular bulk and prevented bone
porosity, while joint stiffness of the knee was
completely avoided. Ankle joint stiffness still remained
a problem with below knee casts (Sarmiento 1967) but was
controlled to some extent with the use of a short leg
brace or Delbet gaiter. Neuro-Vascular problems were
avoided by a careful technique and proper care for the
first 48 hours after application of the cast. Newer
materials for casting have overcome the problem of

thermal burns.

The residual shortening and angulation was cited as
the main disadvantage of this method. It was thought
that such deformities would result in unphysiological
loads on the associated Jjoints, 1leading to the
development of early osteoarthritis. This was one of the
reasons for the preference of the operative method by
some surgeons. Merchant and Dietz (1989) looked at the
relationship between angular deformity occurring after a
fracture of the tibial and fibular shafts and
post-traumatic changes seen clinically and
radiographically in the knee and ankle joints, an

average of twenty-nine years after injury. They also
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investigated the correlations between the length of
immobilisation and the range of motion and between the
level of the fracture and the clinical and radiographic
outcomes. Their series consisted of 37 patients with
closed or Grade I open tibial and fibular fractures
treated with a plaster cast. Of these fractures 38% had
more than 10 degrees of angulation in either plane. They
found that the clinical and radiographic outcomes were
unaffected by the amounts of angulation, as well és by
the level of the fracture. The length of immobilisation,
which did not exceed one year, also did not affect the
outcomes. This evidence goes against the hypothesis that
residual deformities could lead to long term problems of

osteoarthritis.

METHODS OF INTERNAL FIXATION: The operative school
proposes rigid internal fixation as the best method of
treatment for tibial fractures. Allgower (1965) advanced
the view that rigid immobilisation and exact apposition
of fracture fragments allowed early function and
encouraged healing of bone by first intention. This was
much to be preferred to healing by secondary intention.
Muller and his co-workers (1979) believed that "A
satisfactory internal fixation is achieved only when
external splinting is superfluous and when full active
pain free mobilisation of muscles and joints is
possible”. In their opinion this was best achieved by
rigid internal fixation for the whole duration of the
bone healing.

Ruedi et al (1976) reported their experience with
418 recent fractures of the tibial shaft using the
Dynamic Compression Plate (DCP) which represented a
development on the AO-ASIF round-holed plate. The DCP
provided a greater versatility of use and positioning as

well as a self compressing action on the bone fragments.
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They considered 90% of the cases as a good or very good
result. In their experience breakage and bending of the
plates occurred between 15 and 20 weeks after
implantation, representing a race between fracture
healing and metal fatigue. They concluded that the
decisive factors in the healing process are; the
rigidity of plate fixation, blood supply of the injured

tissues, and early active motion.

Christensen et al (1982) reported a series of 96
patients treated with compression plates with 94%
classified as excellent or good results. They concluded
that AO internal fixation of tibial fractures can be
performed without too much hazard to the patient
provided the technical skill and proper facilities are
present.

Intra-medullary nailing was first used by Hey
Groves during the First World War (Zaslav et al 1989).
In 1940 Kuntscher introduced his design of
Intra-medullary nails (Rush and Rush 1986), which were
extensively used for treatment of femoral shaft
fractures by the German army surgeons during the Second
World War. The concept was popularised in America after
the war. In the late 40’s Rush and Rush (1986) described
the results of the use of nails for intra-medullary
fixation of 1long bone fractures. Since then many
different designs have been proposed (Ender 1978,
Hasenhuttl 1981, Kempf et al 1985).

In contrast to the interfragmentary compression,
this technique does not achieve rigid fixation. It
merely acts as an internal splint and provides a method
of maintaining accurate reduction and alignment while
allowing early mobilisation of the patient and the

adjacent muscles and joints. Modern radiographic
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techniques have allowed increasing use of closed, rather
than open, Intra-medullary nailing techniques. This
method is attractive because surgical dissection in the

vicinity of the fracture is unnecessary.

Donald and Seligson (1983) reported their
experience with percutaneous Kuntscher nailing in 50
tibial shaft fractures. Complete union was demonstrated
radiographically at an average of 91 days. Angular
deformities were minimal with 78% of cases having less
than 2 degrees varus or valgus deformity, while no
deformity greater than 4 degrees was observed.
Antero-posterior angulation of less than 5 degrees was
observed in 98% of cases. They concluded that with
experience and technical skill even highly complex
tibial fractures can be successfully treated by this
method.

Shortening, rotational and angular malalignment
were common sequelae when standard intra-medullary nails
were used for treating comminuted proximal or distal
shaft fractures. Inter-locking nail devices (Kempf et al
1985), have gone some way to improve the results. Klemm
and Borner (1986) reported results in 401 tibial
fractures treated by closed intra-medullary interlocking
nailing with an overall 94.3% excellent or good result.
The deep infection rate was 2.2%, while delayed union or

non-union requiring bone grafts occurred in 0.7%.

The important complications associated with these
methods of internal fixation are deep infection, implant
failure, re-fracture, and errors of technique. The
application of internal fixation changes a previously
closed fracture to an open one making infection always a
potential complication. Most wound infections following

the internal fixation of closed injuries are
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superficial. Deep wound infections are a less frequent,
but potentially disastrous, complication of orthopaedic
surgery (Zaslav et al 1989). It is possible for a deep
infection to lead to an infected non-union, which is
considered the most difficult condition to treat in
orthopaedics.

Rates of deep infection in plated tibial fractures
have varied from 0.9% (Ruedi et al 1976) to 5.3%
(Christensen et al 1982) in closed fractures, while the
reported deep infections for compound fractures ranged
from 0% (Christensen et al 1982) to 12% (Ruedi et al
1976). McMahon et al (1989) reported a 37% deep
infection rate in plating of tibial fractures for
delayed union.

Olerud and Karlstrom (1986) in a review article on
intra-medullary nailing of the tibia concluded that "the
greatest drawback to intra-medullary nailing of the
tibia is the risk of infection. Therefore, it is
important that the surgeon be experienced in the
technique and that the operative environment be of the
highest quality when reamed intra-medullary nailing of
the tibia is to be performed". This prerequisite limits
universal use of intra-medullary nailing of tibial
fractures, to advanced trauma centres.

Merritt (1988) reported a study which looked at the
factors contributing to infection in open fractures.
This study involved 70 open fractures from which
debrided tissue was cultured, taken at the beginning and
end of excision before closure of the wound. The overall
infection rate was 19%. The infection rate was
correlated with the use of fixation devices and was
found to be 5% in patients with no implant. The rate

rose to 19% in patients with external fixation devices
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and 26% with internal fixation. Most infections were
caused by Gram-negative bacteria and there was little
correlation between the bacterial counts in the first
piece of tissue and the development of infection.
However, there was a significant correlation between the
bacterial count in the last piece of tissue taken at
debridement and the development of 1later infection.
Merritt (1988) concluded that the infection was
correlated with what was in the tissue when the patient
left the operating room and not with what was in the
tissue when the patient entered the operating room. It
seems that, in view of the above findings, a case could

be made for debridement under "laminar flow" conditions.

Failure of the implant could be the result of
material defect, poor operative technique, delayed or
non-union of the fracture or excessive, premature weight
bearing. The result is bending, breaking, loosening or
even migration of the internal fixation devices. Implant
failure rates for AO plates have varied from 2.1% (Ruedi
et al 1976) to 5% (Jensen et al 1977). Failure of
intra-medullary nails is not as common as compressidn
plates, probably because they do not provide as rigid a
fixation, thus sharing stresses between the implant and
the skeleton. Bending, breaking and migration of the
tibial nail into the knee have all been reported
(Browner 1986, Donald and Seligson 1983). Interlocking
nails are more likely to break at the sites of the
transfixion holes, because these act as stress risers
(Browner 1986).

Stress shielding, leading to bone resorption, is
the end result of a rigid plate or a tight, load bearing
intra-medullary rod. This increases the risk of
re-fracture at the site of implant, which persists for

months or years following its removal. Jensen et al
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(1977) reported an 11% re-fracture rate following
removal of AO plates at one year after application, for
tibial shaft fractures. Intra-Medullary nailing is less
likely to be complicated by re-fractures because it
usually produces a mass of periosteal callus due to its
loss of rigid fixation.

Closed interlocking intra-medullary nailing also
has peculiar technical problems associated with the
insertion technique. The Grosse-Kempf tibial nail has a
bend in its proximal portion and is designed with two
screw holes in different planes for added fixation. Due
to this bend, the sagittal screw takes a diagonal course
making it essential to exercise caution when drilling
this hole, since over-penetration of the posterior
cortex can result in injury to the popliteal artery. It
is also essential to implant the nail deeply enough in
the proximal tibial fracture, so that the sagittal screw
reaches the posterior cortex of the tibia. If the nail
is not inserted deeply enough the sagittal screw may
pass into the condylar portion of the tibia, where it
cannot achieve adequate purchase resulting in motion of

the proximal fragment and non-union (Browner 1986).

EXTERNAL FIXATION METHODS8: External fixation of
tibial shaft fractures has also become increasingly
popular (Burny 1979b, De Bastiani et al 1986, Behrens
and Searls 1986), primarily because it 1is a less
extensive operation then internal fixation. There has
been a proliferation of new and improved fixator designs
based on a decade of controversy about the ideal
geometrical and mechanical properties of the frame
(Burny 1979b, De Bastiani et al 1984, Ilizarov 1989,
Edge and Denham 1981). There has been a movement away
from bilateral to unilateral frame designs, as their low

rigidity induces a 1large amount of fracture callus
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(Behrens and Searls 1986, Burny 1979b, Andrianne et al
1989). Newer designs also allow provision of
"dynamisation" (De Bastiani et al 1984, Richardson 1989)
of the fracture. This 1is based on the concept of
"controlled motion" and has been practised successfully
for decades in the treatment of tibial shaft fractures
by functional bracing.

Behrens and Searls (1986) reported a series of 75
consecutive cases of complex tibial injury treated with
an AO/ASIF tubular fixator. Shortening did not exceed
5mm while the limb was in the fixator. There was a méan
loss of 30% ankle range of motion in compound fractures
while in simple fractures the loss was 11%. Angulatory
deformities of 10 - 17 degrees developed in 4% of the
fractures. Pin track infections occurred in 12% of
cases. Insertion of pins within the "safe corridor"
prevented neuro-vascular 1lesions and impalement of
muscles and tendons. They believed that the incidence of
pin track infection could be controlled by reduction of
soft tissue irritation around the pins by their
placement only where the tibia was sub-cutaneous. They
also suggested using fewer, stiffer pins which have
smooth shafts at skin level and pre-drilling of each pin
track with a sharp drill bit to eliminate heat necrosis
of soft tissues and bone. They also advised effective
pin and frame care with the transfer of the major

responsibility for this to the patient.

De Bastiani et al (1984) reported the results
obtained with a lightweight dynamic axial fixator. This
comprised a single bar with articulating ends which
clamp self-tapping screws and can be locked at an angle
appropriate for axial alignment. A telescopic facility
allows conversion from rigid to dynamic fixation once

periosteal callus formation has commenced. The success

[Chapter 1] [Page 61]



[General Introduction]

rate for fresh fractures as well as ununited fractures
in this series of 338 patients was 94%, with healing
times varying from 102-195 days. The incidence of pin
track infection was small (3%) compared to other studies
(Burny 1979b, Edge and Denham 1981, Behrens and Searls
1986) . Angulatory deformities did not exceed 5 degrees
in any plane in any patient. The re-fracture rate was
2.1% and limitation of joint movement only occurred in

2.1% of cases.

The important complications associated with
external fixators are pin tract infection, malunion,
neuro-vascular damage and ankle stiffness. Pin tract
infection is common and when it occurs may preclude
salvage by any other type of internal fixation. The
reported incidence of pin tract infection varies from 10
to 100%, depending on its definition (Green 1983). It is
probable that colonisation of the pin tract occurs in
100% of cases, while development of true cellulitis or
dermal infection is seen in less.

Edge and Denham (1981) reported a 42% pin track
infection rate in a series of 38 patients treated with a
unilateral frame. Kimmel (1982) reported a 50% rate with
the use of a bilateral frame. Clifford et al (1987)
reported their experience with both bilateral and
unilateral external fixators. Pin track infection
occurred in 78% with the bilateral type, while only 17%
were infected with unilateral fixators. They postulated
that the high incidence associated with systems
incorporating transfixion pins is a direct result of

transfixion of muscle.
Although the unilateral frames are safe and provide
excellent wound access, they are not rigid enough to

hold unstable fractures, or to permit early weight
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bearing. A high malunion rate has been reported with the
use of such designs; Edge and Denham (1981) reported an
incidence of 55%, while Clifford et al (1987) reported a
malunion rate of 38%. Bilateral frames being more rigid
rarely result in loss of position, but malunion still
occurs, a rate of 38% reported by Kimmel (1982).

Neuro-Vascular damage is also a potential risk when
inserting pins without respect to the anatomical
topography. This complication is more common with
bilateral frames then in the unilateral types. 1In
Kimmel’s (1982) series with bilateral frames 50% had
neurologic impairment, while 15% had major vascular
injuries. The most common neurologic sequela was
footdrop.

Ankle 3joint stiffness commonly occurs when
transfixion pins are used in the bilateral forms of
external fixators and less commonly when half pins are
used for unilateral frames. This complication results
from transfixion of the ankle and foot dorsiflexor
muscles distally and may result in permanent ankle
stiffness (Behrens and Searls 1986).

Sarmiento and Latta (1989) stated that an
inappropriate external fixator holding the fracture
rigidly apart may be viewed as an "Instrument of the
Devil", a device specifically designed to create
non-union. This is more likely to occur with bilateral
designs due to their rigidity than with the currently
favoured unilateral frame designs.

A non-union rate of 13% was reported by Kimmel
(1982) with the use of bilateral frames. Edge and Denham
(1981) reported a non-union rate of 8% with unilateral

frames, while De Bastiani et al (1984) reported a rate
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of 6% with their use of unilateral form of external
fixation. In this last series the average healing times
for different long bones ranged from 3 to 6 months, thus
some of the individual fractures could be considered to

fall in the group of delayed unions.

CURRENT TRENDS IN MANAGEMENT: During the past 20
years there has been a movement away from operative
methods of treatment, that were popular in the 1940’s

and 1950’s, toward the non-operative methods (Leach

1984). The complications of internal fixation (Fisher
and Hamblen 1978, McMahon et al 1989, Den Outer et al
1990), when they occur, are a heavy price compared to

the advantages of anatomical union. Hamblen (1979) has
stated that "Ideally internal fixation should be used
only when there is no alternative method of conservative
management with a predictable satisfactory outcome".
This has been recognised by the proponents of operative
treatments. In the light of excellent results produced
by closed treatment of tibial fractures (Dehne 1969,
Dehne 1974, Sarmiento et al 1989), Olerud and Karlstrom
(1986) have professed to follow the basic rule
formulated by Gotzen et al that states "as conservative
as possible and as operative as necessary", during

treatment of tibial shaft fractures.

Robert Jones in 1913 had stated that the aim of
fracture treatment was the complete restoration of the
function with the least risk and inconvenience to the
patient and least anxiety to the surgeon (Rang 1966).
The proponents of the operative school believe that
complete restoration of function and optimum healing
could only be achieved by anatomical restoration of the
fracture by internal stabilisation and immediate weight

bearing. The conservative school opposes this view and

[Chapter 1] [Page 64]



[General Introduction]

contends that function can be restored and healing

achieved without resorting to internal fixation.

This review suggests that there is a place for both
the philosophies to complement each other in the
management of tibial shaft fractures. Sarmiento and
Latta (1989) believed that optimal treatment cannot be
provided by the surgeon who "braces all fractures", any
more than it can be by the surgeon who "plates all
fractures" or treats all fractures with "external
fixation". The various techniques should be viewed as

complimentary to each other.

If different options are considered in the
management of tibial shaft fractures then it can be
appreciated that among the options from the "Internal
Fixation" group, plating has not been very successful
(Fisher and Hamblen 1978, McMahon et al 1989).
Intra-Medullary fixation, especially the interlocking
nails have given better results in specialised centres.
External fixation has been proposed as an alternative.
It was initially proposed for open tibial fractures,
where internal fixation was inappropriate due to the
high incidence of infection and non-union, but is now
being proposed for wider application (De Bastiani et al
1984). The method is not devoid of problems and Clifford
et al (1987) have concluded that "the external fixator,
although undoubtedly invaluable in the management of
severe open fractures, should not be used

indiscriminately".

Considering the options from conservative methods,
the use of long leg casts for the whole duration of
treatment is not appropriate because of the problems of
"cast disease". The use of functional bracing has

overcome the problem of '"cast disease", but still has
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the problem of ankle joint stiffness. John Charnley
(1981) stated that the failures of operative treatment
were worse than the failures of conservative methods,
because of the 1limited capability of a secondary
procedure to salvage them. It is only a minority
(approximately 20%) of tibial shaft fractures which are
unsuitable for treatment with functional bracing, either
due to their axial instability, or in open fractures
requiring associated wound management. It would seem
logical to improve the method of functional bracing to
manage the majority of tibial shaft fractures. This
could be achieved by using scientific methods, to
investigate the biomechanical function of the brace and
to develop a non-invasive method for measuring fracture
stiffness to allow objective assessment of the time for

removal of the brace.

Functional bracing could also be used as part of
"sequential treatment" where unstable or open fractures
are treated initially in an external fixator and then
converted into the brace as soon as axial stability is
achieved. This routine may decrease the incidence of
complications because of the shorter period in the
fixator and would also make the treatment more
cost-effective by decreasing the number of external
fixators required in the hospital.
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PART 1: LOAD TRANSDUCER STUDY
CHAPTER 2

HUMAN GAIT ANALYSIS

A step is defined as a walking cycle. It starts and
ends in the normal state with heel strike of the same
limb. The walking cycle is divided into two phases. A
stance phase, which at walking speed of 120 steps per
minute, occupies about 62 per cent of the cycle and a
swing phase which occupies 38 per cent of the cycle
(Mann 1988). Stance phase is further sub-divided into
two periods of double limb support and one period of
single limb support. Double limb support is the period
when both feet are on the ground and occurs from the
beginning of the cycle to 12 per cent and from 50 per
cent to 62 per cent of the cycle. Single limb support
occurs from 12 per cent to 50 per cent of the cycle
(figure 2.3).

If the normal walking cycle is analysed further, it
is observed that by 7 per cent of the cycle the foot is
flat on the floor while at 12 per cent the
contra-lateral foot comes off the ground beginning the
single limb support phase. Heel rise of the stance limb
begins at 34 per cent corresponding to the period during
which the swinging leg has just crossed the stance leg.
Double limb support once again begins with the heel
strike of the swinging leg at 50 per cent of the cycle
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lasting until the toe-off of the stance leg, when its
swing phase begins (figure 2.B).

CONFIGURATION OF A WALKING CYCLE (FROM MANN 1988 )
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FIGURE 2.A: Walking cycle - It can be sub-divided into
stance and swing phases (from Mann 1988).

Analysing an abnormal gait pattern requires a clear
understanding of the normal events that occur during a
walking cycle. A lateral view of the gait enables one to
detect when heel rise occurs in relation to the swinging
leg. During abnormal gait, it is possible that a gait
cycle might not start with heel strike, but may begin
with toe contact. In such a case it could be considered
initial ground contact. In patients with contracture of
the Achilles tendon it is possible that foot flat may
not occur by 7 per cent of cycle or not at all.
Similarly in a patient who has a certain degree of
spasticity of the posterior calf muscles or an Achilles
tendon contracture, heel rise will not occur at 34 per
cent of the cycle but rather prior to it. If on the

other hand the posterior calf muscles are weak,
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secondary to surgery or nerve damage, then heel rise
will be delayed beyond 34 per cent of the cycle. It is
also possible for the stance phase to be altered in
relation to the swing phase. An example being a person
who has suffered a stroke. The stance phase of the
involved extremity being prolonged while the swing phase

is diminished.

GAIT CYCLE (FROM MANN 1988)
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FIGURE 2.B: Sub-divisions of the gait cycle (from Mann
1988).

a) JOINT RANGE OF MOTION DURING WALKING - HIP
JOINT: During walking maximum flexion is demonstrated by
the hip joint at the time of ground contact while
maximum extension is seen at the time of toe-off. Near
the time of toe-off, flexion of the hip begins with the
contraction of the ilio-psoas muscle (figure 2.C).
Deceleration of the hip joint occurs just prior to the
time of the initial ground contact by an eccentric
contraction of the gluteus maximus and hamstring muscles
(Mann 1988).
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b) KNEE JOINT: At the time of ground contact (heel
strike) the knee joint is in full extension following
which rapid flexion of about 15 degrees occurs, in order
to help the absorption of the impact of striking the
ground (figure 2.C).
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FIGURE 2.C: Joint ranges of motion during walking (from
Mann 1988).

The knee Jjoint undergoes a second period of
extension which reaches its peak at about 40 per cent of
the cycle, at the time when the opposite leg is swinging
by. This corresponds to the time when the body reaches
its peak elevation, thus permitting the swinging leg to
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advance without the toes catching on the ground. The
quadriceps muscle, which becomes active late in the
swing phase, extends the knee while controlling the
initial flexion of the knee joint.

The second period of the knee extension does not
require any muscle activity by the quadriceps. During
this phase of knee extension the foot is on the ground,
while the body moves over the fixed foot at a more rapid
rate than the tibia over the fixed foot. The forward
movement of the tibia over the fixed foot is being
controlled by the eccentrically contracting posterior
calf muscles, thus permitting the second period of knee
extension to occur. Knee flexion during the swing phase
after toe-off results from the rapid flexion of the hip
joint aided by a short contraction from the biceps
femoris muscle (Mann 1988).

c) ANKLE JOINT: At the time of heel strike rapid
plantar flexion of the ankle joint occurs which is
followed by progressive dorsi-flexion until about 40 per
cent of the cycle has been completed, . when plantar
flexion begins once again (figure 2.C). This initial
phase of plantar flexion is under the control of an
eccentrically contracting anterior compartment
musculature, which prevents the foot slap. The posterior
calf muscles act as a group by an eccentric contraction
controlling the forward movement of the tibia over the
fixed foot and also initiate plantar flexion at 40 per
cent of the cycle. It is worth noting that the muscles
are no longer electrically active after about 55 per
cent of the cycle, when rapid plantar flexion is
occurring. Mann (1988) believes that the posterior calf
muscles by a concentric contraction, help initiate

plantar flexion but are not necessary to bring about

[Chapter 2] [Page 71]



[Load Transducer Study]

full plantar flexion, which probably results from the
unloading of the foot.

d) S8UB-TALAR JOINT: The movements of inversion and
eversion occur at the sub-talar joint. At the time of
heel strike and loading of the foot, the sub-talar joint
goes into eversion followed by progressive inversion
until the time of toe-off (figure 2.C). In a normal
person, the total range of motion of the sub-talar joint
during walking is about 6-8 degrees, whereas in a person
with a flat foot, it is about 10-12 degrees (Mann 1988).
In a patient with flat feet, the initial eversjion is
quite marked which is followed by progressive inversion
throughout the stance phase. In contrast, in a normal
foot minimal eversion occurs until about 30 per cent of

the cycle when inversion begins.

e) FORCES DURING WALKING: Forces are exerted by the
body as its "centre of gravity" (C.G) moves in its
sinusoidal path through space. These forces are related
to the motion of the centre of the gravity of the body.
These forces are generated in response to the joint
motions and muscular actions of the body, as well as to
the force of gravity working upon the body. Commonly
measured forces are the vertical (Fy), the fore-aft
shear (Fx), the medio-lateral shear (Fz) and torque
(My). It is also possible to measure moments around the
x-axis (Mx) and z-axis (Mz) as shown in figure 3.1.D.
The magnitude of the forces is directly proportional to
the speed of gait. In slow walking, 1less force is
exerted while with increase in speed the magnitude of

the force also increases.
f) VERTICAL FORCE (Fy): The graph showing vertical

force during normal walking demonstrates an initial
spike, usually equal to about 70 per cent of the body
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weight, which is related to the impact of the body
against the ground at heel strike (figure 2.D). This
initial brief spike rapidly falls off followed by the
first peak which is the reaction of the ground to the
acceptance of the body weight as well as the initial

upward acceleration of the centre of the gravity.
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FIGURE 2.D: Forces exerted by the body during walking
(from Mann 1988).

The graph next shows a dip in the force curve
depicting less than body weight being exerted against
the ground by approximately 20 per cent. This

‘unloading’ of the foot is in response to the upward
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movement of the centre of gravity of the body and the
fact that once the body has been accelerated upward it
follows an upward trajectory type pattern, so that as it
reaches the top of its arc, the force against the ground
is diminished. The second peak in the vertical force
curve is brought about by the falling centre of gravity,
and the force exerted against the ground by the stance
foot in preparation for toe-off (Mann 1988).

g) FORE-AFT SHEAR (Fx): The fore-aft shear (Fx)
measures the horizontal plane forces in the 1line of
progression. The force curve (figure 2.D) shows an
initial forward shear at the time of heel strike of
about 10 per cent of body weight, which is followed by
an aft shear of a slightly greater magnitude at the time
of toe-off.

h) MEDIAL LATERAL SHEAR (Fz): The medial lateral
shear measures the horizontal plane forces at 90 degrees
to the plane of progression and is related to the medial
and lateral sway of the body (figure 2.D). At the time
of heel strike a medial shear of about 5 per cent of the
body weight is exerted against the ground, followed by a
progressive lateral shear until the time of toe-off
(Mann 1988).

j) TORQUE (My): This is the measurement of the
reaction to the transverse rotation which is occurring
in the lower extremity during gait. At the time of heel
strike internal rotation of the tibia occurs and an
internal torque (My) is noted on the force plate (figure
2.E). This is followed by progressive external rotation
in the 1lower extremity corresponding to the external

torque noted against the ground.
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TORQUE ( My )
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FIGURE 2.E: Torque (My) and centre of pressure
progression during walking (from Mann 1988).

Forces are directly proportional to the speed of
the gait. Analysis of the vertical force during running
shows that the initial spike observed at the time of
heel strike, which is about 70 per cent of the body
weight during walking increases to about 150 per cent.
The peak force is about two and a half times that of the
body weight as against 120 per cent of body weight

during walking.
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k) CENTRE OF PRESSURE: When the centre of gravity
along the plantar aspect of the foot is plotted,
demonstrating the summation of the forces which are
occurring beneath the foot, it is seen that these forces
progress from the heel to the toe but not at a uniform
rate (figure 2.E).

The centre of pressure moves rapidly from the heel
and tends to dwell in the metatarsal head region and
then moves rapidly to the tip of the great toe. Patients
suffering from metatarsalgia tend to keep their centre
of gravity towards the back of the foot, which then very
rapidly progresses across the metatarsal head area. To
let pressure dwell in this area would only result in
added discomfort, altering their gait pattern.
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CHAPTER 3

MODIFIED LOAD MEASURING SYSTEM

“In the collection of evidence upon any
medical subject, there are but three sources
from which we can hope to obtain it: VIZ. from
observation on the 1living subject; from
examination of the dead; and from experiment
upon living animals.”

(Astley Cooper 1768-1843)

3.1 INTRODUCTION

A system to analyse the loads and moments across a
functional brace was developed and tested in a pilot
study undertaken at the Bioengineering Unit, Strathclyde
University. This study has been documented fully by K S
C Kwong (1988). At the start of the pilot study there
existed two different measuring systems in the
Bioengineering Unit. A Television Computer system
(Andrews et al 1981) for the acquisition of kinematic
data and an Orthoses Load Measuring system (Lim 1985)
which allows synchronised measurement of the ground
reaction and the load in the orthoses. As a first step,
it was undertaken to devise a system which would measure
the loads in a femoral functional brace-limb complex.
This system utilised the above mentioned two systems
separately. The data was merged for analysis on the
assumption that the patterns of loading action and that
of the walking gait were comparable in both parts of the

tests.
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The pilot study allowed identification of certain

shortcomings of the system, for measuring loads across

the functional brace and the femoral fracture as

follows:
a) The acquisition of kinematic and load data was

b)

carried out separately from each other by repeating

the test. This was primarily due to the limitation
of the software for the running of the testing
program. The software routines were not capable of
collecting data from the forceplates, load
transducers and the television cameras at the same
time. Available computer program in the gait
laboratory allowed collection of the forceplate
data with television data or load transducer data
but not all three together. It was thus necessary
to collect data from all the three sources in two
runs. First with the television cameras and
forceplate, and the next one with the 1load
transducers and the forceplate. The data thus
collected was then merged.

Analysis of the data showed that the pattern of
gait was essentially repeated, but the results
would be more realistic if the system software
could be modified to accommodate the collection of
data from all the three sources (forceplate, load
transducers and television cameras). It was decided
to undertake this modification for the study to be
presented in this thesis.

It was observed that the design of the blank

plates/mating pieces used for attachment of the

load transducers during the testing procedures did

not allow easy attachment of the transducers. The

mating pieces faced inwards, towards the cast, and
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the transducers had to be slipped up from below for
attachment. This sometimes caused problems, if
sufficient clearance was not allowed during
incorporation of the mating-pieces to the
functional brace. It was decided to re-design the
mating pieces so that they faced outwards, and
allowed easier application of the transducers at
the time of testing.

The system utijilised for the pilot study did not

attach the markers for the orientation of the limb

during the load data acquisition. The reason was
the nature of the software program utilised for the

purpose of the study. As explained above, the
kinematic data was acquired separately from the
load data and then the ground reaction was compared
in both the runs. If the ground reaction was
similar, the two sets of data were merged. This
method was not accurate because there was no direct
way of estimating the forces across the transducers
at any particular instant during the gait cycle.
This could only be done by fixing the markers on
the transducers and collecting the kinematic data
along with the transducer data. It was decided to
carry out the modification of the attachment of the
markers to the 1load transducers, during the
acquisition of the present data. This modification
coupled with the changes in the software
acquisition programs, allowed more accurate
orientation and positioning of the 1limb during

acquisition of data from the load transducers.

The load transducers used for the pilot study, were
manufactured for the analysis of loads across the
uprights of the orthotic devices. They were found

to be too long and limited the levels of fractures
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suitable for study. It was felt that smaller, more
compliant transducers would be more appropriate. It
was decided to utilise the same transducers because
manufacture of new transducers, their calibration
and testing would have required a time period of at
least six months.

IMPROVEMENTS /MODIFICATIONS MADE IN THE PILOT STUDY
SYSTEM: The pilot study led to the following detailed
modifications in the existing system (Kwong 1988).

a) DATA ACQUISITION SOFTWARE: The software program
was modified allowing simultaneous acgquisition of
forceplate, load transducers and television data (figure
3.1.A). This improved the accuracy of the system, and
cut down on the number of runs required to be made by

the patient.

Block Diagram of Functional Brace Load Measuring System
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FIGURE 3.1.A: Block diagram of the modified functional

brace load measuring system.
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b) MODIFICATIONS TO THE MATING PIECE/BLANK PLATE
DESIGN: The mating pieces were re-designed to allow
easier attachment of the load transducers during testing
in the gait laboratory (figures 3.1.B and 3.1.C). As the
mating pieces faced outwards it was quite convenient for
the load transducers to be pushed into them after
removai of the blank plates before carrying out the
tests.
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FIGURE 3.1.B: Diagram of the mating pieces for

attachment of the load transducers.

c) The design modification of the blank plates
allowed attachment of the markers for orientation and
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positioning of the 1limb during kinematic analysis.
Because the markers were attached to the 1load
transducers, the calculation of the forces across the
load transducers relative to the limb axis was more

accurate.
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FIGURE 3.1.C: Diagram of the mating pieces for
attachment of the load transducers.

d) SUBSTITUTION OF THE CO-ORDINATE SYSTEM FOR THE
TIBIA: The pilot study (Kwong 1988) had looked at the
loads across the functional brace used for the treatment
of the fracture of the femur. This had required the
co-ordinate system of the femur to be related to the
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lateral transducer. The present study was to investigate
the biomechanical function of the 2 in 1 functional
brace in the treatment of tibial shaft fractures. The
co-ordinate system for the femur in the original program
was therefore substituted by that of the tibia.

The modifications allowed the system to be used for
assessment of loads across the functional brace-limb
complex, more accurately and more efficiently. The time
required to prepare and carry out the tests on the
patient was cut down by almost 50 percent.

The modified software program is versatile enough
to be used for measuring loads across functional braces
for either the treatment of tibial or the femoral
fractures, with minimal changes in the co-ordinate
systems depending on the bone. Theoretical analysis of
the data acquired by the present programs is not
discussed, as the principles are the same as used in the

pilot study and are described in detail by Kwong (1988).

SIGN CONVENTION FOR FORCES8 AND MOMENTS: In this
study the Cartesian system, using the right hand rule,
was used for the analysis of the results (figure 3.1.D).
According to this system the orthogonal axis are as
follows:

X axis: Horizontal and positive in the direction of

progression.

Y axis: Vertical and positive in the wupward

direction.

Z axis: Horizontal and positive from left to right.

For angular measurements, a positive rotation is
taken as a clockwise rotation viewed in the positive
direction of an axis (Lim 1985). The same argument is

applied for both force and moment measurements, where a
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positive load is taken as one which tends to accelerate
the body segment in the positive direction (figure
3.1.D).

+Mz +Mx

+Z a§nxﬁ f
on o
(Lateral) P ion)

FIGURE 3.1.D: The cartesian co-ordinate system used for
the analysis of data in the study.

Applying the above sign convention to the
biomechanical analysis of a body segment, a positive
force (or moment) is one that is being applied by an
external body, such as ground or orthoses, onto the body
segment at the distal end. Similarly, the positive load

actions recorded by the transducers are assumed to be
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acting from an external source onto the distal end of
the device.

3.2 MATERIALS

The study was carried out on 5 volunteer patients
(4 males and 1 female), who were being treated for their
tibial fractures with the 2 in 1 functional brace. The
details of its fabrication and clinical application are
given in part 3 of this thesis. The patient details are
given in appendix-3A.

The patients were tested on 3 separate occasions
between October 1989 and April 1990. The 1st, 2nd and
3rd visits occurred on approximately 6th, 10th and 12th
week post-injury. On the 1lst visit they were tested with
and without the "foot-piece". Some of the patients used
elbow crutches as walking aids during their 1st visit.
On the subsequent visits (2nd and 3rd) all but two
patients were instructed not to use any walking aids. On
the 2nd visit, 2 patients (patient 03 and 04) were
tested with and without a walking stick. This was to
assess, if any, the effect of the walking stick on the
loads at the fracture site. When the patients arrived at
the gait laboratory for their 2nd and 3rd visits, the

foot-pieces had already been removed.

In performing a complete analysis of the 1load
action in the limb-brace complex during the stance phase
of a walking cycle, three sets of data are required.

1 Kinematic data which reveals the 1limb’s

orientation and position in space.

2 Ground reaction at the stance phase to
determine the total limb load.
3 The load in the functional brace at the level

of the fracture site.
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The modified load measuring system (figure 3.1.A)
consisted of the following major components:
a) Multi-Component force plate.
b) Six channel 1load measuring transducers and
attachment accessories.
c) Strain gauge bridge amplifiers.
d) Multiplexer.

e) Light reflective markers and attachment
accessories.

f) Television cameras and infrared LED 1light
source.

g) Calibration board.
h) Data acquisition computer.

3) Data processing computer.

a) MULTI-COMPONENT FORCE PLATE: To measure the
ground reaction, this system utilises two "Kistler" type
9261A multi-component force plates. These force plates
have dimensions of 600mm by 400mm, mounted flush with
the floor of the Biomechanics Laboratory and covered
with the same material as the rest of the floor, to make
them as unobtrusive as possible. These force plates
measure forces and moments in three orthogonal
directions. The force plate Centre is defined as a point
39mm below the floor 1level, at the Centre of each
individual force plate. The exact location with respect
to the ground origin is shown in figure 3.2.A.

The force plates are piezo-electric
multi-component measuring system. The overall error
claimed by the manufacturer is +/- 2 percent for the
force channels and +/- 3 percent for the moment channels
(Kistler Manual). It is possible to reset the force
plates by a single "push-button" switch. During this
project only the force plate 1 (FP1l) was utilised.
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The GRS Origin and the Force Plate Centres

Force Plate 2

600
L
Force Plate 1

Dimension : mm (from Lim, 1985)

FIGURE 3.2.A: Location of the force plates relative to
the ground reference system - GRS (from Lim 1985).

b) SIX CHANNEL TRANSDUCERS AND ATTACHMENT
ACCESSORIES: For use with this system there are four
Mark II KAFO (Knee Ankle Foot Orthoses) transducers
available for measurement of loads. These transducers
are custom built, with an overall size of 96mm by 20mm
The dimensions are shown in figure 3.2.B. The mounting
ends of the transducers were designed to couple with the
uprights of the orthoses.
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The Mark Il K.A.F.O. Transducer

j
a
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2 Section AA
4 Holes
Drill and
Tap for M5 x §.8
1 (Dlenension: mm)
( From Lim, 1985)

FIGURE 3.2.B: Diagram showing the dimensions of the load

transducers (from Lim 1985).

Lim (1985) had recommended that the optimal bridge
supply voltage for the transverse force and the axial
force channels be 6V, and that for the moment channels
be 3V. The transducer origin, to which the calibrations
of loads were referred, is defined as an imaginary point
at the centre of the cylindrical part of the transducer.
It was found to be 40mm from the near end. This was also
confirmed by Kwong (1988) during calibration.

The Mark II transducers were designed to have

minimum overload capacities as follows:

Antero-Posterior shear Fx 400N
Axial force Fy 1600N
Medio-lateral shear Fz 400N
Medio-lateral bending moment Mx 50Nm
Axial torque My 30Nm
Antero-posterior bending moment Mz 70Nm
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The maximum service loads are half that of the
minimum overload capacities. Good 1linearity of the
transducers was reported in the main channels throughout
the service load range by Lim (1985), although he did
observe some non-linearity in the cross talks.

In this study only two of the four available
transducers were utilised. One each was mounted on the
lateral and medial aspect of the functional brace, at
the level of the fracture. The transducers utilised were
Transducer 1 (TR1) and Transducer 4 (TR4). Special
mating pieces had to be designed for the mounting of the
transducers to the functional braces (figures 3.1.B &
3.1.C). These mating pieces were machined from mild
steel, one end of which fits the mounting end of the
transducer while the other end sits in the "plastic head
plate" modified from that supplied by "Incare Ltd.".
The plastic head plates along-with the attached "blank
plates", are incorporated into the functional brace at
the time of its fabrication. The spikes on the surface
of the head plate interlace firmly with the net-work of
synthetic bandages and the structure is strong enough to
take all the load put on it.

As the methodology for the analysis of forces and
moments across the functional brace-limb complex,
required a circumferential cut to be made at the level
of the fracture, therefore two "blank plates" were used
to link up the proximal and the distal parts of the
functional brace, one on each side. The blank plates
were made to have the same length and the same design of
the mounting ends as the transducers. During the load
measuring tests the blank plates were replaced by the

pair of transducers.
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c) STRAIN GAUGE BRIDGE AMPLIFIER: All the channels
of the above mentioned transducers are connected to an
amplifier which supplies a regulated bridge voltage
(-12V to +12V), and allows coarse and fine adjustment
for the zero balance of the bridge. It also amplifies
the output from the transducers in 7 stepwise gains (20,
50, 100, 200, 500, 1000, 2000), so that each of the
output channels from the transducers can be adjusted to
fit the input range of the analogue to digital
converter. The amplifiers are set up in 4 banks of 6’s
and they share the common power supply in each bank.
There are output facilities which allow accurate
monitoring of the bridge voltage and the output voltage
by a digital multimeter.

d) MULTIPLEXER: The multiplexer was not used for
the actual acquisition of "load" and "kinematic" data
during the patient test. The software in the modified
system allowed the above data to be collected directly
by the data acquisition computer, PDP11 (figure 3.1.A).
The function of the multiplexer in this system was to
allow "zero balancing" of the "load transducers" and the
"force-plate" before commencing data acquisition. 1In
order to achieve the same, the signals from the
transducers and the force-plate were channelled through
the multiplexer to a "Multi-Meter" (figure 3.1.A). This
allowed corrections, if any, to be made and confirmation

of the system readiness for acquisition of patient data.

e) LIGHT REFLECTIVE MARKERS AND ATTACHMENT
ACCESSORIES: Spherical beads of 16mm diameter were used
as markers in the study. The surfaces of these beads are
covered with Scotchlite, a thin self adhesive plastic
sheet with uniformly bonded very small spherical glass
lenses. These optical glass lenses focus and

retro-reflect incident light rays back in the direction
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of the light source, thus facilitating the pick-up of
the marker image by the TV cameras, especially against
the background of low intensity lighting. The markers

are seen as small spots of light on the TV screens.

A total of five markers were applied to the cast. A
marker (marker E) was attached to the marker-plate by
double sided adhesive tape, after securely fixing it to

a semi-spherical piece of wood (figure 3.2.C).

[l

Marker (From Kwong 1988)

Wood Adhesive

Plastic Tape

Sheet

Drawing
Pin

Aluminium
Marker-plate

Marker and its Attachment

FIGURE 3.2.C: Construction of the marker and its
attachment.

The marker-plate was constructed from aluminium
sheet of 1.5 mm thickness and was painted matt black. It
was secured onto the lateral blank-plate through two
screws in the middle. Two markers (markers C & D) were
attached on the anterior aspect of the functional brace
by means of the modified drawing pins, each of which had
a thin plastic sheet on them to facilitate the

attachments of the markers by double sided adhesive tape
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(figure 3.2.D). Two more markers (markers A & B) were

attached on the mating pieces.

FIGURE 3.2.D: Attachment of the five markers on the "2

in 1 functional brace".

£) TELEVISION CAMERAS AND INFRARED LED LIGHT
SOURCE: The Biomechanics Laboratory has three cameras
for use with this system. The front camera looks
horizontally down the negative x-direction of the ground
reference system (GRS) and has the optical axis parallel
to the x-axis. The other two cameras are placed on
either side of the walkway, with their optical axes

horizontal and parallel to the z-axis of the GRS. Left
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camera looks in the positive direction of the z-axis

while the right one in the negative direction (figure

3.2.E).

Front
Camera (8.72 m from Ground Origin

LT

Walkway

T :
13

I
Left Camera I

Right Camera

(4.52m trom Ground Origin) E (4.53m trom Ground Origin)
|
!

(From Kwong 1908) : : Equipment

Floor Plan of Biomechanics
Laboratory

———
Zg

Walkway

FIGURE 3.2.E: Floor plan of the biomechanics laboratory,
University of Strathclyde, Glasgow.

The lenses used on the front and side cameras are
Fujicon 1:1.4/50 and 1:1.7/25 respectively. The rims of
the lenses are encircled by arrays of 200 infrared
LED’s. The optical filters in the 1lenses are
chromatically matched with the light emitted from the
LED’s. The light from the LED’s is reflected back from
the markers to the camera lenses.
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The images were monitored on two TV screens. It
is possible to adjust the threshold levels of the TV
cameras to suit the reflectivity of the markers, to
optimise the image formation. It is advisable to cut off
unwanted images from other 1light spots on the TV
screens. In the study two cameras were used at one time,

front camera with one of the side cameras.

g) CALIBRATION BOARD: A calibration board can be
used to determine the positions of the functional
brace markers in the Ground Reference System (GRS), it
has 5 markers made from the same 1light reflective
material and placed at known positions on the front

surface of the board (figure 3.2.F).

e

(

Calibration Board (From Right Camera) '
YG

600 T 600
< —_ I )
— ® 3
'
“1
o
4 2
—_ . e 1 Y
o
21
s
Ground _37 [— ] & — 1 —ex
Origin of GRS

( Dimension: mm )}

(From Kwong 1988)

FIGURE 3.2.F: Calibration board as seen from the right

camera.
The distances between the markers and from the

ground level are measured to the nearest 0.lmm. The

placement of the calibration board is such that its
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front surface is vertical and perpendicular to the
optical axis of the camera. The board is placed at the
origin of the GRS, while the marker 1 is immediately
above the ground origin. Levelling screws ensure that
the front surface of the board is vertical while markers

1, 2 and 4 are horizontal.

h) DATA ACQUISITION COMPUTER: To acquire data, a
PDP11/34 minicomputer system was utilised. This is a 16
bit multi-user computer system. The data acquisition
software is a menu driven program sampling data at 50 Hz
and allows averaging and sorting of data. The software
is also capable of editing the relevant datafiles and
their reformation into ASCII format to allow easy
transferability. These datafiles can then be transferred
to the VAX 11/782 main-frame computer for data

processing.

j) DATA PROCESSING COMPUTER: Data analysis on a
microcomputer provides the advantage of portability. It
was therefore decided to develop software for data
processing on a 16 bits, Intel 8088 based microcomputer,
for its accessibility (Kwong 1988).

RELIABILITY AND CALIBRATION OF THE LOAD MEASURING
AND THE TV COMPUTER S8YSTEMS8: The tests for the
reliability of the systems were not repeated by the
author as the duration between the pilot study and the
present study was not long enough to raise doubts about
the accuracy of the instrumentation as determined and
described by Kwong (1988). This section summarises the

results and conclusions reached by him.
a) STABILITY OF THE FORCE-PLATE (FPl) AND LOAD

TRANSDUCERS: Kwong (1988) reported errors due to the
instability of the force-plate (FPl) channels to be
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about 0.22%, while the errors in all the channels of
both the load transducers (TR1 and TR4) were found to be
about 0.8%.

b) CALIBRATION OF THE TRANSDUCERS8: The mark II
transducers were first calibrated by Lim (1985) in 1983.
Kwong (1988) repeated the calibration to see if there
was any change in the mechanical behaviour of the
transducers after several years. He agreed with the
results reported by Lim (1985) and observed good
linearity in the main channels, while non-linearity was
found in some of the cross talks. Hysteresis was also
seen. There was a mean decrease of about 3.3 percent in
the output of the main channels (except Mz of TR4),
whereas that of the cross talks was varied. Kwong
believed that this could be due to a decrease in the
sensitivity of the transducers, or due to some degree of
mismatch in the references between this calibration and

that performed by Lim.

c) CALIBRATION OF THE FORCE PLATE: Kistler force
plates are accurate and stable instruments, and do not
need frequent calibration. Kwong (1988) verified the
calibration of the force-plate (FP1l) by checking only
the Fy channel. He found the weight of a 20 Kg dead
weight to be 192.5 N. Taking acceleration due to
gravity, "g" as 9.81 m/sz, this reflects a 0.19% of
mismatch. This value is small when compared with the

error percentage of the force plate system.

d) REPEATABILITY OF KINEMATIC DATA ACQUISITION:
Kwong (1988) investigated the stability and
repeatability of the kinematic data acquisition
procedure. He concluded that the kinematic data
acquisition is repeatable and reliable, apart from some

contamination from noise which could be filtered later
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by using suitable digital filtering in the data
processing.

e) REPEATABILITY OF THE PLACEMENT OF THE
CALIBRATION BOARD: The calibration board utilised in
this study is a removable type, and requires to be
placed at the origin of the ground reference system for
calibration before each session. The repeatability of
this procedure was checked and found to be reliable and
repeatable for the calibration of kinematic data (Kwong
1988) .

f) REPEATABILITY OF THE MEASUREMENT OF DISTANCES
BETWEEN THE MARKERS: During actual testing procedure
five markers are applied to the functional brace (figure
3.2.D). Three markers are applied on the blank plates on
predetermined places while the two markers on the brace
are placed anteriorly and spots marked, for attachment
during subsequent tests. The distances between the
markers were noted for each session. The discrepancies
in the distances measured were within 1mm. This
indicates that the method of measuring distances between
the markers is reliable and repeatable.

3.3 METHODS

All the patient tests were performed at the Gait
laboratory in collaboration with the Bioengineering
Unit, University of Strathclyde. The detailed protocol
for the experimental procedures carried out in the Gait
laboratory during patient testing is described in the
appendix-3B. This section highlights certain features of
the method. Details of the tests undertaken were

recorded on a form (appendix-3C).

PREPARATION OF THE LABORATORY: It is important to

reduce noise levels and carefully control the 1light
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intensity during testing. The background, within the
fields of view of the TV cameras was screened by black
curtains. All objects reflective to light were removed
out of view of the TV cameras.

PREPARATION OF THE INSTRUMENTS8: The instrumentation
in the biomechanics laboratory was switched on following
the steps as detailed in appendix-3B. The transducers
were connected to the input cables along with the other
necessary connections (appendix-3B). The instruments
were switched on and allowed to warm up for at least

thirty minutes before the tests.

A digital multimeter was utilised to check the
bridge voltages which were set to 6 volts for force
channels (Fx, Fy, Fz) and 3 volts for moment channels
(Mx, My, Mz). The gains for all channels were set to 2K
except for the Mz channels where the gains were set to
1K. Depending on the output signals the gains were reset
after the first run if the amplification was found to be
too high for certain channels. Forceplate 1 (FPl) was
set to 50 mech. unit per volt for the upper amplifiers;
and 200 mech. unit per volt for the lower amplifiers.

The alignment and synchronisation of the cameras
were checked, and their distances from the ground origin
and heights from the ground surface were measured and
recorded (appendix-3C). The threshold levels of the TV
cameras and the brightness and contrast of the TV
monitors were adjusted for optimum images. This
adjustment also got rid of the unwanted light spots from
other sources. Care was taken to cover the reflective
parts of any walking aids being used by the patients,
such as walking sticks etc, with black polythene sheets.
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EXPERIMENTAL PROCEDURES: Experimental procedures
included acquisition of kinematic data and the
measurement of the loads in the functional brace. The
details of the steps involved are given in the
appendix-3B. The tests were supervised by a member of
the medical staff to ensure patient safety. The patients
were allowed to rest between the tests.

MARKER ATTACHMENTS TO THE CAST: Two markers A and B
for dynamic testing were attached to the mating pieces
for the lateral blank plate. A third marker E (for
static tests only) was attached to the lateral blank
plate, using a marker plate which attaches onto the
blank plate. Two more markers (C and D) were attached to
the anterior aspect of the brace about 200 mm or more
apart, these markers were used in case of missing data

from markers A and B during testing (figure 3.3.A).

The points of attachment were marked with permanent
ink, for ease of attachment in future tests. The
distances between the markers were measured and recorded
to the nearest 0.1mm. Distances were also recorded
between the reference points on the two blank plates. A
black sock, modified to have holes so as to expose the

markers, was then put onto the cast.
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PLACEMENT OF MARKERS

Circumferential cut at
the level of the fracture
Transducer Blank Plate

FIGURE 3.3.A: Sites of attachment of the markers on the

2 in 1 brace.

STATIC VIEWS OF THE MARKERS: After noting the above
details, the first part of the test involved taking
static views of the markers. The patient was instructed
to stand still, in front of the cameras, while the
images of the five markers were checked on the TV
monitors and their positional data was acquired in this

static posture.

MEASUREMENT OF BODY WEIGHT WITH THE FORCEPLATE:
Static views of the markers was followed by the
measurement of the body weight using the forceplate 1
(FP1). A stool was put on the FP1 while the patient
stood away from the forceplate. The forceplate was reset
and the patient instructed to sit on the stool with the
good leg resting on the bar between the legs of the
stool, while the injured leg was kept lifted off the
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ground. The patient held that position for about 10
seconds while the body weight was recorded.

CALIBRATION OF THE POSITIONAL DATA: This was
carried out by placing the calibration board at the
ground origin and acquiring the positional data of the
markers on the board using the front and the side
cameras. The calibration board was put at the origin of
the ground reference system (GRS), with the surface of
the board perpendicular to the optical axis of the lens
of the camera and marker 1 vertically above the origin
of the GRS.

ACQUISITION OF KINEMATIC AND LOAD DATA: The above
procedures were followed by the removal of the sock and
the blank plates, as well as the marker "E" along with
its marker plate. The blank plates were replaced by
transducer 1 (TR1l) on the lateral and transducer 4 (TR4)
on the medial side (figure 3.3.B). The connection cables
for these transducers were held by a belt worn round the
waist. The black sock was again put on after attachment
of the transducers.
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FIGURE 3.3.B: Replacement of the blank plates with load
transducers on the medial and lateral sides, Dbefore

acquisition of data.

ZERO BALANCING THE BRIDGE OUTPUTS: Before
acquisition of the kinematic data and the loads measured
in the brace the patient was instructed to sit very
still on a chair with the injured 1leg placed
horizontally, well supported on a pillow, on a stool in
front. The bridge voltages were checked and the bridge
outputs were then zero balanced. The base-line levels of

the output channels were then recorded by running the
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acquisition program while the patient kept the injured
leg immobile.

DATA ACQUISITION: Kinematic data and loads across
the 2 in 1 functional brace were acquired by asking the
patient to walk along the walkway (figure 3.3.B). They
were advised to walk as naturally as they could, taking
as much weight as they could, on the injured leg. The
starting point was about 1 to 2 metres from the
forceplate 1 (FPl), and was adjusted so as to ensure
that only the foot of the injured leg came to lie on the
forceplate as the patient walked over it.

Positional data of the markers, loads on the
forceplate 1 and the loads across the transducers were
recorded. This part of the test was repeated so as to
acquire 3 successful runs, as sometimes the patient
would overshoot the forceplate thus resulting in
scrapping of that particular run. This occurs because
the patients are not advised of the location of the
forceplate in the walkway, so that they walk as
naturally as possible without making an effort to step

over the forceplate by breaking their strides.

The test was concluded after ensuring that the data
had not been corrupted. Then the transducers were
removed and replaced with the blank plates.

MEASUREMENTS ON THE X-RAY FILM8: Measurements were
made on the x-rays taken at the time of attachment of
the mating pieces/blank plates to the brace, to provide
information required for data analysis as described by

Kwong (1988).
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DATA PROCESSING IN THE MODIFIED SYSTEM: The flow
diagram (figure 3.3.C) describes the major aspects of

the processing of the data after its acquisition.

a) PROCESSING OF KINEMATIC DATA: The kinematic data
acquisition program in the modified system resulted in

the following files:

1 Filename.ICL
Filename.MD1

3 Filename.MD3 or .MD4

PROCESSING OF DATA

System
Variables l

" s JCLY — e psHr —™] "*NOR"

"eMDI" —gm| TVO2PAS NOR02.PAS
"ePFP" ]

"¢.MD3" —p

—s~| MER.PAS [=j="*MER"

System
Variables ‘

[ we PFpr — 91

ne JCL" —= MUXO02.PAS NORO2PAS
"e.PTR" .

"*.NOR"

" stands for filename

FIGURE 3.3.C: Flow diagram showing the processing of the

data after its acquisition.

The ".ICL" files recorded the loads in forceplate 1
and the transducers while the ".MD1" and ".MD3 or .MD4"
(depending on the side of injury) files recorded the
co-ordinates of the markers as acquired by the front and
the side cameras respectively. They were processed by a

software program "TVO02.PAS" which calculated the ground
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reaction in the ground reference system. The positional
vectors of the fracture centre and the direction cosine
of the tibial system with respect to the ground
reference system were also determined. These
calculations were also performed by the program
"TV02.PAS" and allowed the estimation of the total limb
loads at the fracture site in the tibial shaft. The
output datafile from this program was (figure 3.3.C):
Filename.PSH (total limb loads in the tibia)

b) PROCESSING OF LOAD DATA: The output datafiles
"Filename.ICL" from the load measuring program recorded
the loads in forceplate 1 and the transducers. They were
processed by a software program "MUX02.PAS" which
calculated the transducer forces in the transducer
reference system and the ground reaction in the ground
reference system. The loads in the transducers were
transformed to the tibial system, and summed to obtain
the loads in the brace at the fracture level in the
tibia. The output datafile from this program was (figure
3.3.0):

Filename.PTR (loads in the brace)

NORMALISATION AND DIGITAL FILTERING: While walking,
the time intervals of the stance phases vary from
subject to subject and even in the same subject they
vary from test to test. In order to compare different
sets of data and to overcome the above problem, use is
made of the technique of normalisation in terms of the
stance phase. This procedure transforms the data (forces
and moments) so that it is presented relative to the

percentage of the cycle.
Normalisation of the data was followed by further
processing, by a low pass digital filtering technique to

cut off noise at higher frequencies. The output
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datafiles obtained after this procedure were
"Filename.NOR".

MERGING OF DATA: The files obtained after
processing of the kinematic data and the load data were
then merged using the program "MER.PAS" to obtain one
single datafile "Filename.MER" (figure 3.3.C). This
allowed direct comparison to be made of the total limb
loads at the fracture site and that in the brace at the
level of the fracture in the tibial shaft.

BREAKDOWN OF TIME TAKEN TO ACQUIRE/ANALYSE DATA:
Average times to undertake different aspect of the test
were worked out with the following results:

1 Preparation of laboratory and equipment 2 Hr.
2 Acquisition of data 3 Hr.
3 Calibration of data 2 Hr.
4 PDP computer analysis (Kinematic data) 5 Hr.
5 IBM computer analysis (Main analysis) 4 Hr.
6 Transfer of data to VAX main frame and
plotting of results 2 Hr.
7 Assessment of results ‘ 3 Hr.
TOTAL TIME TAKEN FOR ONE TEST 21 Hr.

During the study, 5 tibial fractures were tested
three times each. The average times post-injury for the
three tests in each patient were 6, 10 and 12 weeks.
This involved, approximately, a total of 315 hours of
laboratory and computer time. The time involved in
writing, modifying and testing the software and
equipment for the study was in addition and was
performed in collaboration with the expertise available
at the Bioengineering Unit, Strathclyde University

Glasgow.
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ANALYSIS OF GRAPHICAL PRINTOUTS OF THE DATA: The
data acquired during patient testing was processed as
described and then printed out in graphical form. These
graphical print-outs were then analysed by assessing the
following five parameters on each graph:

Parameter A/- Off-loading part of stance phase.

Parameter B/- Maximum percentage off-loading
during stance phase.

Parameter C/- Maximum force/moment observed during
stance phase.

Parameter D/- Maximum percentage increase in load
(force or moment) observed during
stance phase.

Parameter E/- 1Increase in load (force or moment)

part of the stance phase.

The way in which the above mentioned parameters
were calculated is described with reference to the
figure 3.3.D. It shows two graphs of A/P shear (Fx)
recorded on a patient with a foot-piece on (graph 1),
and then with the foot-piece off (graph 2). The solid
line in the graphs represents the A/P shear (Fx),
recorded from the force-plate and expressed at the level
of the tibial fracture in the tibial reference system.
The broken line represents the A/P shear (Fx), measured
from the load transducers applied on the cast at the
level of the fracture also expressed in the tibial

reference systen.
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SUMMARY
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FIGURE 3.3.D: Analysis of the graphical printouts of the
data.

If both the solid and broken lines in the graph are
on the same side of the zero axis, then it implies that
the cast is off-loading the amount of force acting on
the fracture. Whereas, if the above mentioned lines are
on the opposite sides of the zero axis , then it implies
that the cast is somehow adding to the force experienced
at the fracture. These inferences are based on the

following equation for the total force at the level of

the tibial fracture:
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F (total in tib. ref. syst.) = F (transducer in

tib. ref. syst.) + F (fracture)

thus F (fracture) = F (total in tib. ref. syst.) -

F (transducer in tib. ref.syst.)
where

F (total in tib. ref. syst.) is the force recorded
by the force plate and expressed at the level
of the fracture in the tibial reference
system.

F (transducer in tib. ref. syst.) is the combined
force measured by the two transducers at the
level of the fracture also expressed in the
tibial reference system.

F (fracture) is the unknown entity and is the force
experienced at the fracture in the skeleton.

The above equation applies equally to the

estimation of the moments.

In this (figure 3.3.D) graphical presentation of
A/P shear (Fx), the off-loading part of stance phase
(designated "A" in the respective graphical summaries),
was calculated by estimating the percentage of the
stance phase during which the brace was able to decrease
the amount of force on the fracture in the skeleton. In
this case no off-loading was seen in graph 1, while
off-loading was observed in graph 2 (28-48 and 67-77% of
the stance phase), the total duration of which was
approximately 30% of the stance phase as noted in the

graphical summary against "A".

The maximum percentage off-loading was calculated
by identifying the point on the graph where the cast was
able to off-load to the maximum relative to the total
force (solid 1line). This was then estimated as a
percentage given in the summary for the particular graph
as "B". In figure 3.3.D, graph 1 had no off-loading
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therefore no value for maximum percentage off-loading,
whereas on graph 2 the point for maximum off-loading
occurred at approximately 75% of the stance phase and
was estimated to be 58.3% of the A/P shear recorded on
the force plate expressed in the tibial reference system
at the level of the fracture.

Maximum force/moment observed during stance phase
was the point identified on the graph at which the
force, in this case A/P shear force (Fx), recorded by
the force-plate at the 1level of the fracture in the
tibial reference system (solid line) was the maximum. In
figure 3.3.D, this occurred on graph 1 at approximately
33% of the stance phase (value being 307.6 N) while on
graph 2 it occurred at approximately 32% of the stance
phase (value being 87.5 N). The respective values were

noted in the relevant summaries against "C".

The fourth parameter of maximum percentage increase
in load was measured similar to the 2nd parameter
(maximum percentage off-loading) by identifying the
point in the stance phase where the presence of the cast
introduced extra loads. In figure 3.3.D, this point was
observed in graph 1 at approximately 61% of the stance
phase (value being 220% of the A/P shear recorded by the
force-plate and expressed at the level of the fracture
in the tibial reference system), while on graph 2 it was
observed at approximately 53% of the stance phase (value
being 18.1% of the A/P shear recorded by the force-plate
and expressed at the level of the fracture in the tibial
reference system). The respective values were noted in

the respective graphical summaries against "D".
The fifth parameter was the estimation of the
increase in load part of the stance phase. This was also

calculated in a manner similar to that employed for the
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first parameter (off-loading part of the stance phase).
The portion of the stance phase during which an increase
in force due to the presence of the cast was observed in
graph 1 (5-80% of the stance phase) was approximately
75%. The corresponding value for graph 2 (5-15 and
50-63% of the stance phase) was 23%. The values were
noted in the respective graphical summaries against
WE'".

The above described routine for graphical analysis
was followed for all six graphs (Fx, Fy, Fz, Mx, My and
Mz) obtained for each test run. As described in a
previous section the testing routine involved testing
each patient on 3 separate occasions. From the first two
visits, on an average, 4 test runs were analysed each
time while 2 test runs were analysed from the 3rd visit.
Thus for each tibial shaft fracture, approximately 10
test runs were analysed in the above manner (a total of
60 test runs and 360 graphs) and results tabulated as

presented in section 3.4.

3.4 RESULTS

The general pattern of the gait was broadly the
same among all the patients, though individual
variations were observed. Some of the features of the
gait pattern are discussed with reference to the two
tests carried out on patient 03 on his first visit.
These tests were carried out with and without the
"foot-piece" (figures 3.4.A to 3.4.C). The figures 3.4.A
to 3.4.C show two sets of graphs, the one on the left
represent the test carried out with the foot-piece while
the right one shows the result without the foot-piece.
These graphs are not typical of all the patients. These
tests were carried out approximately 6 weeks after the

tibial shaft fracture.
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.4.A: Graphs show A/P shear (Fx) and Axial force
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FIGURE 3.4.C: Graphs show Axial torque (My) and A/P
bending (Mz), with and without foot-piece.

When the patients walked with the foot-piece on, no
heel strike was observed (figure 3.4.A). As is apparent
from figure 3.4.A, there was a gradual rise in the axial
force (Fy) instead of a sharp peak indicative of heel
strike. The patients tended to put their foot flat on
the ground, instead of putting the heel first. The
pattern of walking with regard to heel strike gradually
reverted back to normal, when the patient started
walking without foot-piece. This change was not seen
immediately after removal of the foot-piece on the first
visit (figure 3.4.A), possibly because the patients were
apprehensive and still walked cautiously. As their
confidence returned, due to the absence of pain and
normal use of the ankle/sub-talar joint, the gait

pattern improved.
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It was also noted that the stride length was small
and the speed of walking with the foot-piece on was
slower than without it. This was noticeable during gait
tests because the starting point for the walk in the
laboratory had to be changed between walking with
foot-piece on and off, indicating change in stride
length and speed. This was expected because without the
foot-piece the ankle/sub-talar joints were able to play
their full role in smoothing out the gait.

The patients did not show a well defined "push-off
phase" while walking with the foot-piece on (figure
3.4.A). This was corrected to some extent after removal
of the foot-piece and resumption of the normal function
of the ankle joint.

BIOMECHANICAL FUNCTION OF THE BRACE: The general
patterns of loads in the brace were basically the same
for all the patients, although individual variations
were observed. All the five parameters, as discussed in
section 3.3, are presented separately in tabulated form
for each of the 3 orthogonal forces and moments. The
values in the table for tests on each visit are the

means of 2 tests.

From a statistical point of view it 1is not
appropriate to make use of mean values to make
comparisons for a group of this size and variability.
But overall mean values were calculated for each of the
5 parameters for the 3 orthogonal forces and moments.
This was done in order to generalise the results, for
clinical application. The average value and the general
trend of the values, are comparatively more important
than the individual values, for decisions regarding

design features of the brace.
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A/P SHEAR (Fx): The results for the five parameters
analysed are tabulated in figures 3.4.D to 3.4.H. Almost
in all the patients, the brace was able to off-locad A/P
shear loads during variable parts of the stance phase
(figure 3.4.D). There was variation between patients as
to the total part of the stance phase during which
off-loading occurred, and also where within the stance
phase it occurred. These individual variations were
probably due to the variation in gait patternsv. To
generalise it could be said that about 32% (S.D 22.58)
of the stance phase showed off-loading of the A/P shear.

Maximum value for off-loading during stance phase
also varied from patient to patient and also with the
time post-injury (figure 3.4.E). It was observed that
the amount of off-loading with the "foot-piece" on was
generally higher, average being 45%, when compared to
without foot-piece (32%). This supports the view that

presence of a foot-piece is beneficial.
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A/P SHEAR (Fx)
OFF-LOADING PART OF THE STANCE PHASE

[PARAMETER ‘A’]

18t VISIT Tt VISIT 2nd VIsSIT 2nd ViSIT 3rd VISIT
WITH FOOT-PIECE | WITHOUT FOOT-PIECE | WITHSTICK | WITHOUT STICK
PATIENT 01 42 38 * 3.5 48
PATIENT 02 | 40 31 * * 0
PATIENTO3 | O 425 54 52 77
PATIENTO04 | 95 355 58.5 595 0
PATIENT 05 17 15 * 14 37

FIGURE 3.4.D: A/P shear (Fx), off-loading part of the
stance phase (Parameter A).

A/P SHEAR (Fx)
MAXIMUM PERCENTAGE OFF-LOADING DURING
STANCE PHASE
[PARAMETER 'B]
18t VISIT 18t VISIT 2nd VIiSIT 2nd VISIT 3rd VISIT
WITH FOOT-PIECE | WITHOUT FOOT-PIECE | WITHSTICK | WITHOUT STICK
PATIENT 01 | 66.3 18.3 * 10 47
PATIENT 02 | 64.5 22.7 * * 0
PATIENTO3 | O 62.1 65.8 329 37
PATIENT 04 | 41 425 23.3 l1s 0
PATIENT 05 | 54.1 16.7 * 325 28.2

FIGURE 3.4.E: A/P shear (Fx), maximum percentage

off-loading during the stance phase (Parameter B).
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A/P SHEAR (Fx)

MAXIMUM A/P SHEAR OBSERVED DURING
STANCE PHASE
[PARAMETER 'C']

18t VISIT 18t VISIT 2nd VISIT 2nd VISIT 3rd VISIT
WITH FOOT-PIECE |WITHOUT FOOT-PIECE| WITH STICK WITHOUT STICK

PATIENT 01 1254.8 288.0 * 235.2 168.7

PATIENT 02 |268.7 127.5 * e 291.8

PATIENT 03 (334.5 76.5 171.6 205.7 252.5

PATIENT 04 1110.9 117.7 285.7 321.9 330.0

PATIENT 05 |52.6 55.4 d l87.7 75.1

FIGURE 3.4.F: A/P shear (Fx), maximum A/P shear observed
during the stance phase (Parameter C).

A/P SHEAR (Fx)
MAXIMUM PERCENTAGE INCREASE IN A/P SHEAR
OBSERVED DURING STANCE PHASE
[PARAMETER 'D']

18t VISIT 18t VISIT 2nd VISIT 2nd VISIT 3rd VISIT
WITHFOOT-PIECE | WITHOUT FOOT-RIECE | WITH STICK | WITHOUT STicK

PATIENTO1 | 171.1 7.9 * 27.2 11.0

PATIENT 02 | 72,6 0 * * 5.4

PATIENT 03 | 128.0 20.0 0 0 0

PATIENT 04 | 192.8 116.5 0 . 0 0

PATIENT 05 | 416.0 27.7 * 293 36.5

FIGURE 3.4.G: A/P shear (Fx), maximum percentage inc. in

A/P shear during the stance phase (Parameter D).
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A/P SHEAR (Fx)
INCREASE IN A/P SHEAR PART OF
THE STANCE PHASE
[PARAMETER 'E’]

18t VISIT 18t VISIT 2nd ViIsIT 2nd VISIT 3rd VISIT
WITH FOOT-PIECE | WITHOUT FOOT-PIECE | WITHSTICK | WITHOUT STICK

PATIENT 01 315 27.0 * 70.5 24.0

PATIENT 02 29.0 0 * * 32.5

PATIENT 03 | 68.5 20.0 o (1] 0

PATIENT 04 | 52.0 37.5 0 0 0

PATIENT OS5 | 69.0 67.5 . 67.0 19.0

FIGURE 3.4.H: A/P shear (Fx), increase in A/P shear part
of the stance phase (Parameter E).

The maximum value (figure 3.4.F) of the A/P shear
was found to be on an average 196 N (S.D 98.10). There
was variation between individual patients, with 2
patients (patient 04 & 05) giving values on the lower
side, on their first visit. It was noted that almost all
patients showed a dramatic drop in the value on the
first visit when the patients were tested with and
without the foot-piece. The values gradually picked up
on the subsequent 2nd and 3rd visits, to match the value
of the 1st visit with foot-piece on (figure 3.4.F).

Superficially, the difference in maximum A/P shear
value on the first visit with and without the foot-piece
