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ABSTRACT

Perttunen, Jarmo

Foot Loading in Normal and Pathological Walking
Jyvaskyla: University of Jyvaskyla, 2002, 86 p.
(Studies in Sport, Physical Education and Health,
ISSN 0356-1070; 83)

ISBN 951-39-1222-1

Finnish summary

Diss.

The present series of studies was designed to study the interaction between foot
loading patterns and neuromusculoskeletal adaptation during normal and
pathological walking. The behaviour of the foot was examined in healthy
subjects and different groups of patients. In order to know how surgical
intervention affected the ability to walk, foot loading patterns and
neuromusculoskeletal function was studied before and after corrective surgery.
Special emphasis was laid on understanding the benefits of corrective surgery.
The test procedure for the Paromed-System® used in the present study showed
that it could be used accurately to examine the bilateral symmetry of foot
loading during walking without any disturbance to the subject. The highest
peak plantar pressures were found under the heel, the first metatarsal and the
big toe in both the normal and patient groups. The results suggested that foot
loading asymmetry did not increase at faster walking speeds in healthy
subjects. However, patients with limb length discrepancy and patients
recovering from tibial fracture had excessive foot loading asymmetries, which
tended to become greater at fast walking speeds. The peak plantar pressures
usually increased under the foot in the healthy subjects when walking speed
increased while decreasing under the lateral forefoot. In contrast to this medial
shift, bilateral comparison showed that the plantar pressures under the
operated foot after free-flap reconstruction of the tibial fractures had shifted
more to the lateral side of the forefoot. This lateralisation was a compensatory
mechanism to reduce the loading on the ankle joint. The results from the triple
jump showed that the high lateral forefoot pressure and maximal vertical
ground reaction force in the braking phase and maximal horizontal ground
reaction force in the anterior-posterior direction in the push-off phase were
closely correlated to the length of the triple jump. In patients the foot loading
and muscle strength symmetry improved notably during the follow-up after
the reconstruction surgery to correct the limb length discrepancy. Because
symmetry after the different surgical interventions was not completely restored,
long rehabilitation period is needed after corrective surgery.

Key words: Walking, plantar pressure, ground reaction forces,
electromyography, pathological gait.
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1 INTRODUCTION

The measurement of foot loading has advanced considerably over the recent
decades. It first became a useful clinical tool through the pioneering work of
Beely (1882) and Elftman (1934). Interest in both the qualitative and quantitative
understanding of pressures on the plantar surface of the foot during human
locomotion had a strong influence on the development of measurement
technology (Ralphs et al. 1990). A novel system for measuring the plantar
pressure distribution means that accurate and high-resolution displays can be
drawn from the continuous pressures that occur under the foot or the shoe. The
use of this technology in clinical work is feasible (Graf 1993, Young 1993,
Mueller 1995, Mittlmeier et al. 1999). Knowledge of the forces acting under the
foot is important in the assessment of various foot pathologies (Lord et al. 1986).
These have included such conditions as diabetes (e.g. Stokes et al. 1975, Boulton
et al. 1983, Duckworth et al. 1985, Sokol et al. 1991, Cavanagh et al. 1993, Patel &
Wieman 1994, Lavery et al. 1995, Garbalosa et al. 1996, Murray et al. 1996,
Giacolone et al. 1997, Stess et al. 1997, Armstrong et al. 1998), rheumatoid
arthritis (e.g. Minns & Craxford 1984, Betts et al. 1988, Masson et al. 1989,
Woodburn & Helliwell 1996, Hodge et al. 1999), post-operative assessment after
corrective surgery (e.g. Betts et al. 1988, Mittlmeier & Morlock 1991,
Lanshammar et al. 1993, Wanivenhaus & Brettschneider 1993, Becker et al. 1994,
Phillipson et al. 1994, Widhe & Berggren 1994, Becker et al. 1995, Rosenbaum et
al. 1996A, Becker et al. 1997, Rosenbaum et al. 1997, Bitzan et al. 1997,
Mittlmeier et al. 1999, Schmidt et al. 1999, Kleinhans et al. 2001, Rosenbaum et
al. 2001) and many other diseases and traumas (e.g. Rodgers & Cavanagh 1989,
Durham et al. 1994, Meyring et al. 1997, Femery et al. 2001). For example, in
diabetic neuropathy, the plantar pressures have indicated a relationship
between excessive localised pressure and ulceration (Stokes et al. 1975, Boulton
et al. 1983, Veves et al. 1992, Patel & Wieman 1994). These patients are at risk of
recurrent ulceration because of impaired pain and joint position sensation and
increased pressures under the metatarsal heads (Boulton et al. 1983).

Currently several measurement systems utilising a wide range of
technologies are available for both research purpose and clinical work (Lord
1981, Alexander et al. 1990, Cavanagh et al. 1992, Cobb & Claremont 1995).
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Hughes et al. (1993) estimated that as many as 40 different types of systems
have been used. Many of these are constructed so that the sensors are inside the
shoes at certain anatomical landmarks under the sole of the foot. In-shoe
techniques are advantageous as compared to traditional pressure devices
(Cavanagh et al. 1992). The insoles are designed to provide localised
information with multiple gait cycles and in-shoe measurement increases the
versatility of measurements by allowing for the calculation of more robust
statistical estimates (Cavanagh et al. 1992). In addition to ground reaction force
measurements (GRF) and electromyography recordings (EMG), in-shoe
pressure measurement can be used to study gait asymmetries over many
consecutive steps.

The general purpose of the present series of studies was to examine foot
loading responses under different loading conditions. Special emphasis was
placed on studying the interaction between foot loading patterns and
neuromusculoskeletal adaptation as well as comparing healthy and affected
sides. Furthermore, the purpose was to identify how impairment of the ability
to walk affected the foot loading patterns and neuromusculoskeletal function.
As this project involved several different groups of patients, the important
practical objective was to use the information gathered in assessing the success
of surgical procedures and rehabilitation.



2 REVIEW OF THE LITERATURE

2.1 Gait cycle

2.1.1 Phases of gait

The biomechanics of walking on a level surface has frequently been explored
and characterised (e.g. Saunders et al. 1953, Murray et al. 1964, Inman et al.
1981, Winter 1991, Perry 1992, Vaughan et al. 1999). The gait cycle is defined as
the period from the heel contact of one foot to the next heel contact of the same
foot. This cycle is divided into the stance and swing periods. On average, the
gait cycle is about one second in duration with 60 % on the stance and 40 % on
the swing. The stance period can subdivided into the first double support,
followed by a period of single support and then the second double support
(Perry 1992, Vaughan et al. 1999). During the early part of the stance, the heel is
in contact with the ground, progressing to foot-flat during the single support
and then to forefoot contact during the terminal double support, and ending
with the toe-off. This pattern may vary greatly in a pathological gait. The stance
and swing periods can be further subdivided into eight functional phases, five
during the stance and three during the swing. The first two phases, initial
contact and loading response, occur during weight acceptance. Midstance and
terminal stance occur during the single limb support phase and finally the limb
advancement begins with the pre-swing, which is the final phase of the stance
period (Figure 1) (Perry 1992).

Limb advancement continues through the three phases of the swing:
initial swing, midswing, and terminal swing. During the initial swing the swing
leg is accelerated forward by hip and knee flexion together with ankle
dorsiflexion. The midswing occurs when the accelerating limb is aligned with
the stance limb. In the terminal swing the decelerating leg prepares for contact
with the ground and is controlled by the hamstring muscles (Figure 1) (Perry
1992).
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| Stance period i Swing period =—f

|- First dOUb|e+Sing|e limb support-l- Second double =]
support support

(7 (v

LA

Initial Loading Mid Terminal Preswing Initial Midswing Terminal
contact response stance stance swing swing

FIGURE 1 The normal gait cycle of an 8-year old boy (redrawn with modifications
from Vaughan et al. 1999).

2.1.2 Ground reaction forces during walking

The ground reaction force (GRF) in walking is the force applied by the body to
the ground. It is equal and opposite to the force applied by the foot to the
ground (Perry 1992). The largest GRF is the vertical component (F)), which
accounts for the acceleration of the body's centre of mass in the vertical
direction during walking (Eberhart & Inman 1951). During the first 100 ms, F,
goes to a maximum of 120 % of body weight (BW), dropping to about 60 - 80 %
BW during the single stance period (Perry 1992). The centre of gravity (CG) is
located around the middle of the pelvis and makes a sinusoidal motion during
walking (Saunders et al. 1953). If the entire body is treated as a mass on a
spring, the magnitude of the GRF can be more easily understood. Newton's
second law states that an unbalanced force must equal its mass times
acceleration. Therefore, when the acceleration is positive, F, must be greater
than BW. Positive acceleration occurs during the double support when the CG
is at its lowest point. When the CG is at its highest point during the single
support phase, the acceleration is negative and F, must be less than BW (Inman
et al. 1981, Winter 1991, Perry 1992, Vaughan et al. 1999).

The horizontal GRFs (anterior-posterior and medio-lateral) are
considerably smaller than the vertical GRF. The anterior-posterior GRF (F)) has
an amplitude of 25 % BW. In the braking phase F, is negative. Negative F is
caused by the braking action of the foot coming down in front of the CG,
indicating that it is pushing backward on the person. In the push-off phase F is
positive when the body moves forward. The medio-lateral GRF (F)) is related to
balance during walking. Its magnitude is less than 10 % of BW in most
situations. The F_ acts, firstly, in the medial direction during the loading
response and then acts laterally during the rest of the stance period. Lateral
shear reaches its peak in the terminal stance (Inman et al. 1981, Winter 1991,
Perry 1992, Vaughan et al. 1999).
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2.1.3 Muscle activity during walking

Muscle activity during normal walking has been well documented (e.g. Inman
et al. 1981, Basmajian & DeLuca 1985, Shiavi 1985, Winter 1991, Perry 1992). In
general, the lower leg muscles are most active in expectation of and just after
foot contact when the foot adapts to the supporting surface (Basmajian &
DeLuca 1985) (see also Figure 2). The pretibial group is activated on two
occasions during the gait cycle: firstly, in the terminal swing phase and at the
onset of heel contact and, secondly, at the beginning of acceleration during the
swing period. The plantar flexor muscles have the highest activity in the push-
off phase and the knee flexor muscles have their highest activity in the
deceleration phase of the swing period and early ground contact. The knee
extensor muscles have biphasic activity patterns. The first peak in activity
occurs during the transition from swing to stance, and the second smaller peak
occurs at the end of the push-off phase and during the early swing period
(Milner et al. 1971, Dubo et al. 1976, Murray et al. 1984, Arsenault et al. 1986A,
Shiavi et al. 1987).

2.2 Plantar pressure measurement techniques

As mentioned in the previous section, plantar pressure measurement has
become an important research tool in gait analysis. The distribution of pressure
between the sole of the foot and the ground provide valuable information about
the structure and function of the foot (Gerber 1982, Ranu 1985). One of the
earliest recorded attempts to describe foot loading patterns was made by Beely
(1882) over a century ago.

There are three approaches to the measuring of plantar pressure: from the
plantar surface of the bare foot to the ground, between the sole of the shoe and
the ground, and between the plantar surface of the foot and the insole of the
shoe (Lord 1981). Plantar pressure distribution has been analysed extensively
using various sensors, e.g. capacitive (Nicol & Hennig 1976), resistive (Rose et
al. 1992), piezo-electric (Hennig et al. 1982) and laser (Hughes et al. 2000).
Capacitive and force sensitive resistor transducers are the two basic types in use
today for plantar pressure measurement. Compression decreases the
capacitance of a capacitor and the resistance of a force sensitive resistor
(Cavanagh et al. 1992, Cavanagh & Ulbrect 1994). The various devices and
measuring techniques are well covered in the reviews by Lord (1981), Roy
(1988), Alexander et al. (1990), Cavanagh et al. (1992), Schaff (1993), Cavanagh
& Ulbrect (1994), and Cobb & Claremont (1995).
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2.2.1 Barefoot plantar pressure measurement

Several methods exist which measure plantar pressure distribution under the
bare foot (Cobb & Claremont 1995). The four main types are foot printing
technique, optical systems, force plates and load cells, and insoles and pressure
pads (Lord 1981). Morton (1930) used the printing technique, which offers a
simple way of recording load distribution. Unfortunately, this device only
recorded the highest pressure that occurred at a given point under the foot
during a step. Harris and Beath (1947) developed their own footprint technique.
The Harris mat is inexpensive and very practical but it provides only qualitative
information about foot pressures (Silvano et al. 1980). Optical techniques give a
better level of resolution for barefoot measurements than the foot printing
systems. Therefore, pedobarograph systems have been used widely in static
(Minns 1982) and dynamic plantar pressure studies (Duckworth et al. 1982,
Betts et al. 1988, Fernando et al. 1991). Elftman (1934) described the first floor-
mounted device for recording time-dependent pressure distribution. Since then,
a number of different force plate and load cell systems have been developed.
However, these platform systems cannot assess behaviour at the foot-shoe
interface (Cavanagh et al. 1992) and the synchronised measurement of the
specific periods of the gait cycle is difficult (Hennig et al. 1994). Subjects often
have difficulty targeting the plates and therefore many walking trials are
needed. They may also find barefoot walking problematical or uncomfortable
(Duckworth et al. 1982).

2.2.2 In-shoe pressure measurement

In-shoe pressure measurements systems are frequently utilised in research and
clinical work. Therefore, a variety of techniques have been developed that allow
for the measurement of pressure inside the shoe (Roy 1988). In-shoe discrete
transducers or matrix insoles for measurements at selected foot sole sites
overcome targeting and barefoot walking problems (Cobb & Claremont 1995)
as the transducers can be located at appropriate sites of interest (Lord et al.
1992). The in-shoe technique allows recording of plantar pressure between foot
and shoe, and data can be collected easily from many consecutive steps
(Cavanagh et al. 1992).

Small discrete in-shoe transducers are usually easy to manufacture
(Cavanagh et al. 1992). Transducers can, however, introduce errors because
their precise location will be a factor in the determination of the results (Lord
1981). For example, a small and thick transducer placed directly under the first
metatarsal head may dorsiflex the metatarsal to a significant extent and may
also be painful (Roy 1988). Palpation as a method of determing the location of
sensors leads to inaccurate results, yielding values that are too high under bony
protuberances or too low when the transducers move together with the skin of
the sole during foot contact (Lord 1981, Lord et al. 1992).

Several problems associated with the use of discrete transducers can be
avoided by using the matrix-insole technique, where transducers are embedded
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in a thin and flexible insole (Cobb & Claremont 1995). The dynamic
measurement of footwear and orthoses is possible with the insole technique and
thin insoles can easily be placed into subject’s footwear. Insole pressure
transducers are designed to provide localised information across multiple gait
cycles, whereas the single force plate is limited to the capture of only one step
from a walk (Lord 1981, Cavanagh et al. 1992). Recently, a number of
measurement devices have been developed and employed (e.g. Nicol & Hennig
1978, Zhu et al. 1991A, Rose et al. 1992, Schumacher 1995, Pataky et al. 2000).
However, the insole technique also suffers from problems: the problem of
crosstalk between elements, repeatability between elements within and between
insoles, errors due to bending forces, difficulty of calibration, temperature
effects, and mechanical breakage (Roy 1988, Cavanagh et al. 1992, Cobb &
Claremont 1995, Pitei et al. 1996).

2.3 Factors influencing plantar pressure

2.3.1 Structural factors

There are a number of parameters related to plantar pressure. High forefoot
plantar pressure during gait is a significant risk factor for ulceration with
diabetes patients (Stokes et al. 1975, Ctercteko et al. 1981, Boulton et al. 1983,
Veves et al. 1992, Patel & Wieman 1993). However, abnormal high foot
pressures alone do not cause foot ulceration, as patients with rheumatoid
arthritis who had abnormally high plantar pressures but no neuropathy did not
develop foot ulceration, whereas diabetic patients with neuropathy and high
plantar pressures developed these problems (Masson et al. 1989). The duration
of high pressure has also to be taken into account (Lord et al. 1986). Therefore,
the integral of the pressure/time curve has been used as a sensitive indicator
(e.g. Soames 1985).

Limited joint mobility at the subtalar and first metatarsophalangeal joint
may be a major factor in causing abnormally high plantar pressure (Fernando et
al. 1991). Induration following periarticular loss of soft tissues over the
metatarsal heads is associated with recurrent ulcers and plantar-pad hardness,
leading to further ulceration by decreasing shock absorbing capacity (Brink
1995). The plantar callus is a risk for subsequent ulceration (Murray et al. 1996).
Young et al. (1992) demonstrated that removal of the callus dramatically
decreases (by 29 % on average) elevated plantar pressures. It has also been
suggested that a lack of variability in the stresses on the feet may cause
ulceration (Cavanagh et al. 1993), although reduced variability in plantar
loading has not been found to be a factor in the development of plantar lesions
in neuropathic patients (Cavanagh et al. 1998).

Other structural factors, such as relative metatarsal length (Morton 1935,
Rodgers & Cavanagh 1989), bony prominences (Duckworth et al. 1985), and the
formation of the medial longitudinal arch of the foot (Hennig et al. 1994,
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Miyahara 1993, Rodgers 1995) have been suggested as causes of elevated
plantar pressure. Cavanagh et al. (1997) studied foot structure with
radiographic measurements and optical pedobarographs. They found that
radiographically obtained structural measurements explain approximately 35 %
of the variance in peak plantar pressure under the heel and the first metatarsal
head during walking. According to the authors, the two main factors in the
prediction of pressure are compressed soft tissue thickness and medial
longitudinal arch height.

Predictive models of the regional peak plantar pressures have been
developed further by Morag & Cavanagh (1999). Their foot structure and
function model predicted the variance in peak plantar pressure better than the
previous model by Cavanagh et al. (1997). The variance of peak plantar
pressure varied from 48.6 % to 56.6 % in different anatomical regions. Morag &
Cavanagh (1999) found that structure was dominant in predicting peak
pressures under the midfoot and first metatarsal head while both the structure
and function predictors were important at the heel and the hallux. A large
calcaneal inclination and high foot-approach velocity increased peak plantar
pressure in the heel area. The magnitude of midfoot pressure was dominated
mainly by arch height, body mass, and age. Body mass and arch height
increased and age decreased plantar pressure. Body mass as a single predictor
accounted for 23.4 % of the variance in the midfoot, but the authors found no
similar associations in other regions of the foot. The Morton’s index, the height
of the sesamoid, calcaneal inclination, proximal first phalanx inclination, and
Chopart’s angle were the factors that determined peak plantar pressure under
the first metatarsal head. However, the structural factors together accounted for
the majority of the variance in peak plantar pressure; the high activity of the
gastrocnemius muscle during the push-off phase was also related to high peak
pressure under the first metatarsal head. Pressure on the hallux is a balanced
combination of the structural and functional factors, according to the authors. A
long hallux, a small amount of compressed tissue under the sesamoides, a large
angle between the proximal and distal phalanx, a small dynamic range of
motion at the first metatarsal joint, and high peak velocities of dorsiflexion at
this joint in the push-off phase increased pressure on the hallux.

A weak positive correlation has been found between body mass and peak
plantar pressures under the lateral forefoot (Stott et al. 1973, Grieve & Rashdi
1984, Soames 1985, Hennig & Milani 1993) and medial forefoot (Snow et al.
1992), but not under the heel area, during gait. In contrast, Clarke (1980) found
that the sum of peak pressure (from each of eight anatomical areas added
together) had a poor correlation with body mass in walking. Cavanagh et al.
(1991) found that the correlation coefficient between body mass and peak
plantar pressure under the metatarsal heads or hallux in a group of diabetic
men was .37 and in the control group .36. Similar findings were observed by
Sarnow et al. (1994). Hennig & Milani (1993) and later Hills et al. (2001) found a
higher correlation between body mass and peak plantar pressure in women
than in men. In addition, Hills et al. (2001) demonstrated that obese adults had
significantly higher plantar pressure than non-obese during standing and
walking. In contrast to the findings in adults, body mass has been identified as
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a major factor influencing the magnitude of the pressures under the feet of
school children (Hennig et al. 1994). Furthermore, body mass has been reported
to be a fairly good predictor of midfoot peak plantar pressure (Morag &
Cavanagh 1999).

The mild correlation between peak plantar pressure and body mass is a
rather confusing finding (Cavanagh et al. 1991), because peak GRF during gait
has been shown to be related to body mass (Andriacchi et al. 1977). The nature
of the recording systems (Soames 1985, Cavanagh et al. 1991) or the
distributions of high loads across larger local anatomical areas (Hennig et al.
1994) are often the reasons for the lack of a strong relationship. Barnett et al.
(2001) compared a force measuring platform with an insole measuring system
at the same sampling frequency. Both systems gave similar temporal results,
but the in-shoe systems underestimated the magnitude of the force data. The
increase in lateral foot pressures with increasing weight may also be due to the
problems involved in controlling the lateral stability of higher body mass
during gait (Soames 1985).

Age has been found to be related to decreased heel plantar pressure
(Morag & Cavanagh 1999). The peak plantar pressures on the lateral metatarsal
heads and midfoot have also been found to correlate significantly with age
(Stott et al. 1973). However, more work is needed to evaluate the true effect of
age on plantar pressure distribution.

2.3.2 Functional factors

In addition to structural factors, there are also a number of functional factors,
which are closely related to the plantar pressure. A high foot-approach velocity
has been found to increase the peak plantar pressure at the heel area. Similarly,
a high peak velocity of dorsiflexion at the first metatarsal joint in the push-off
phase elevates pressure on the hallux and high activity of the gastrocnemius
increases the peak plantar pressure under the first metatarsal head during the
push-off phase (Morag & Cavanagh 1999). Recently, sensory feedback from the
cutaneous receptors in the foot has been found to play an important role in the
regulation of plantar pressure distribution. When the sensory feedback from a
part of the foot was inhibited by cooling the skin of the sole to less than 6° C,
the centre of pressure (COP) shifted towards areas of greater sensitivity during
walking (Nurse & Nigg 2001). Furthermore, it was found that the peak plantar
pressures were higher in the areas of normal sensitivity and lower in the
insensitive areas. Because changes in sensory feedback affect motor output,
sensory input variables must included in any future predictive models of the
regional peak plantar pressures (Nurse & Nigg 2001).

2.3.3 Methodological factors

The selection of the corrected transducer size is important because the size
required will depend on the size of the anatomical landmark. Plantar pressure
measuring systems with larger transducers will give data of substantially
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poorer quality. A transducer, which is larger than the actual landmark gives a
lower reading than the actual pressure. Thus in these cases, the spatial
resolution of the measuring system is poor (Morlock & Mittlmeier 1992,
Cavanagh & Ulbrect 1994, Lord 1997). A 10 mm’ compared to 5 mm® transducer
underestimated peak pressures in the toe region, whereas in the heel region
both transducers yielded similar peak pressures. The difference between the
two regions is probably because the peak pressures under the toes and
metatarsal heads are more localised than those in the heel region (Davis et al.
1996).

The peak plantar pressures are also affected by sampling frequency (Roy
1988). The peak pressures are lower, especially, in the heel area, when the
sampling frequency is low, because heel impact cannot be detected accurately
at low sampling rates. This leads to an underestimation of peak pressures at
faster walking speeds (Morlock & Mittlmeier 1992, Schaff et al. 1994, Rozema et
al. 1996). Acceptable sampling frequencies for gait study are 50 Hz and above
(Schaff 1993).

The data collection technique (first step, two-step and midgait method)
used has an effect on plantar pressure distribution (Rodgers 1985, Meyers-Rice
et al. 1994, Harrison & Folland 1997, McPoil et al. 1999, Wearing et al. 1999).
Rodgers (1985) compared pressures recorded from both the first step and the
midgait for 60 healthy men. The peak pressures for the heel and metatarsal
heads were on average 34.0 % and 4.7 % lower, respectively, for the first step.
Lower first step peak and lower two-step values for the rearfoot were also
reported by Meyers-Rice et al. (1994) and McPoil et al. (1999). During midgait
the forefoot peak pressure values were lower than those in the first step and
two-step protocols, 13 %, 7 %, respectively (Meyers-Rice et al. 1994). In contrast,
McPoil et al. (1999) found that only the two-step method gave higher forefoot
plantar pressure values than the midgait protocol.

Contact time seems to be most sensitive parameter to different walking
condition and leg problems (Bryant et al. 1999). In a recent study Wearing et al.
(1999) showed that the two-step gait initiation protocol and the gait termination
protocol resulted in increased stance period compared to the midgait. The
differences may due to slower velocity during the beginning and end of the
walking trials. Harrison & Folland (1997) compared different gait protocols and
reported elevated first step peak values under the heel and medial and lateral
forefoot as compared to the midgait. The low sampling frequency (25 Hz) and
the unnatural first step may explain the differences in the heel pressure values
compared to those obtained in the earlier studies by Rodgers (1985) and
Meyers-Rice et al. (1994). The stride length controlled protocol has been
recommended as the most consistent for forefoot pressure studies (Harrison &
Folland 1997). Walking strategies also have effect on plantar pressure. The hip
walking strategy produces a 27 % decrease in forefoot peak plantar pressure
and a 24 % increase in heel peak plantar pressure as compared to the ankle
(normal) walking strategy (Mueller et al. 1994). It is likely that these different
results are caused by the fact that the steady-state gait is not achieved until the
third step (Hirokawa 1989, Miller & Verstraete 1996). It is therefore important in
a steady-state gait study that at least three steps are taken before data recording
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(Miller & Verstraete 1996) and at least five trials from each foot are recorded
(Cavanagh & Ulbrect 1994).

Visual targeting has a minor effect on the plantar pressure (Nichloson et
al. 1998). Harrison and Folland (1997) suggested that targeting during midgait
might create abnormal gait patterns. In contrast, Grabiner et al. (1995) noted
that visual guidance had a negligible effect on the variability of GRFs. However,
force plate targeting results in temporospatial variations in the gait cycle. Stride
and step length elongate or shorten just before and immediately after the target
area (Hirokawa 1989). Adjustments in step length, however, had no effect on
the magnitude, timing and variability of GRF (Wearing et al. 2000). The main
problem in these and other related studies is how representative the
measurement can be when it is performed on a single small force plate
(Cavanagh et al. 1992). Therefore, it is questionable whether the placement of
the foot takes place naturally under these conditions. The question should be
answered by applying the insole technique and using several force plates,
which would allow recordings of many consecutive steps and eliminate
possible targeting problems.

2.3.4 Influence of footwear on plantar pressure

The flexible sole of an ordinary shoe increases the total area of foot contact
during the stance period, and shifts the COP from the first and second
metatarsal heads and toes to the midline of the shoe (Grundy et al. 1975). It has
been shown showed that in the shod foot the peak plantar pressures and
maximal forces were lower than in barefoot walking in most of the areas under
the foot except the medial forefoot (Sarnow et al. 1994, Nyska et al. 1995).
Leather-soled Oxford-style shoes and running shoes both significantly reduced
the pressure under the second metatarsal. Running shoes decreased the
pressure in all areas under the foot, but the Oxford-style shoes did not
significantly reduce plantar pressure in the other parts of the sole of the foot.
The effect of Oxford-style shoes were similar to that of socks on peak plantar
pressure. Therefore, running shoes may relieve pressures sufficiently to protect
the sole from ulceration (Perry et al. 1995).

A high-heeled shoe with a narrow toe box resulted in an increase in the
peak pressure beneath the metatarsal heads and hallux (Mandato & Nester
1999). The average peak pressures under the foot increased by 22 %, 57 %, and
76 % for low, medium and high heels, respectively, when compared to barefoot
walking (Snow et al. 1992). The prolonged use of high-heeled shoes has been
found to shift the COP laterally (Gefen et al. 2002). This lateral shift reduces the
medio-lateral stability under the feet and impairs body balance. These changes
in the distribution of body balance combined instability of high-heeled shoes
increases the risk of accidental injury (Gefen et al. 2002).

Therapeutic footwear has been shown to reduce peak pressures (Schaff &
Cavanagh 1990). However, Lavery et al. (1997) found that comfort and athletic
cross-trainer shoes were as effective as commonly prescribed therapeutic shoes
in reducing the mean peak pressure on the forefoot. Different insole materials
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are also capable of reducing considerably the peak plantar pressures and
pressure-time integrals (e.g. Leber & Evanski 1986, McPoil & Cornwall 1992,
Sanfilippo et al. 1992, Lavery et al. 1997, Bus et al. 2001, Drerup & Wetz 2001).

2.3.5 Reliability of plantar pressure measurements

It has been indicated above that different plantar pressure measurement
technologies produce different results (Cavanagh & Ulbrect 1994). If the
measuring device is unable to yield consistent, repeatable results in successive
trials, its information is poor for research purposes (Quaney et al. 1995).
Variables based on time seem to vary more than those of pressure or force and
need more trials to achieve the same levels of reliability (Hughes et al. 1991,
Kernozek et al. 1996). In contrast, Wearing et al. (1999) found that the timing
parameters were the most consistent, while peak pressure and the pressure-
time integral were found to be the least consistent variables. Low sampling
frequency may partly explain the poor reliability values of parameters based on
time (Hughes et al. 1991).

Quaney et al. (1995) compared pedobarograph and capacitive pressure
measuring systems. They found good between-trial reliability, with an
intraclass correlation coefficient greater than 0.898 for both systems. To achieve
good reliability using a pressure measurement system (>.90), a maximum of 10
steps is recommended (Hughes et al. 1991, Kernozek et al. 1996). Milani et al.
(1990) found that the day-to-day variability of plantar pressure distribution
measuring walking depends on the foot area.

Several studies have compared two or more measuring systems (e.g.
Hughes et al. 1987, Hughes et al. 1993, McPoil et al. 1995, Quaney et al. 1995).
The peak plantar pressure and plantar pressure timing patterns showed a
similar overall distribution, but with differences in specific foot regions
(Hughes et al. 1987, Hughes et al. 1993, Quaney et al. 1995). There are many
reasons for these differences. The subjects may belong to more than one group
(Hughes et al. 1993). Therefore, the results may indicate subject differences
rather than system differences. The walking velocity used may not be the same
in walking trials done using different systems (Hughes et al. 1987). A higher
spatial resolution and different sampling frequency may also explain
discrepancies between pressure measurement systems (Quaney et al. 1995).

Quesada & Rash (2000) collected plantar pressure data simultaneously
from capacitive and resistive in-shoe pressure measurement systems during
gait. The resistive insole system recorded approximately 20 % greater overall
peak pressures. The difference was greatest under the heel (32 %) and lowest
under the big toe (14 %). Consequently, the variability of the capacitive insole
system was 60 %, 20 %, and 22% lower than that of the resistive system, at the
heel, central metatarsal head, and big toe, respectively. Unfortunately, the
authors did not report the sampling frequencies, as these may partly explain the
great difference observed in the heel area. Regardless of the differences
obtained between the various measurement technologies, all were capable of
measuring regional pressure satisfactorily (Hughes et al. 1993, Quaney et al.
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1995, Quesada & Rash 2000). On the contrary, McPoil et al. (1995) reported, that
the reliability and validity of the resistive insole technology was unsatisfactory.

2.4 Plantar pressure distribution in walking studies

Although a great deal of individual variability exists in peak plantar pressure,
the findings are relatively consistent and pressure patterns are quite similar in
the different plantar pressure studies. In general, the highest peak pressures
have been obtained under the heel, forefoot and big toe, while the lowest
pressures have been found under the midfoot and lateral toes during gait. The
highest pressures under the heel occurred in early stance and the highest
pressures under the metatarsal heads in late stance (e.g. Boulton et al. 1983,
Soames 1985, Rodgers 1985, Shorten et al. 1989, Zhu et al. 1991B, Hennig &
Milani 1993, Chang et al. 1994, Hennig et al. 1994, Perry et al. 1995, Zhu et al.
1995, Rosenbaum et al. 1996A, Wearing et al. 1999). A comparison of the
regional peak pressures obtained in several studies is summarised in figure
three. The duration of contact with the ground under the heel and midfoot
takes up approximately 60 % of the whole stance period. The duration of
ground contact under the metatarsal heads is approximately 60 % and under
the toes 50 — 55 % (Soames 1985). All the metatarsal heads are loaded during
standing (Cavanagh et al. 1987, Hennig & Milani 1993) and walking (e.g.
Hennig & Milani 1993, Perry et al. 1995). These findings reject Morton’s (1935)
classical theory of tripod loading, according to which there is no pressure is
under the middle metatarsal heads.
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FIGURE 3 Means and SD for the peak pressures under the foot during walking on

the basis of plantar pressure studies (Rodgers 1985, Shorten et al. 1989,
Zhu et al. 1991B, Snow et al. 1992, Hennig & Milani 1993, Hennig et al.
1994, Chang et al. 1994, Perry et al. 1995, Zhu et al. 1995, Rosenbaum et
al. 1996A, Bryant et al. 2000).
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2.5 Effects of walking speed on foot loading

Walking speed is the product of step frequency and step length, or stride
frequency and stride length (Inman et al. 1981, Winter 1991, Perry 1992). The
control of speed is very important as it is well known that the size of the GRFs
depends on walking speed (e.g. Andriacchi et al. 1977, Vaughan et al. 1987,
Nilsson & Thorstensson 1989, Winter 1991). The electromyographic activity
(EMG) of the lower leg muscles also increases when walking speed increases
but the patterns of activity remain basically the same (e.g. Miyashita et al. 1970,
Milner et al. 1971, Brandell 1977, Winter 1983, Murray et al. 1984, Nilsson et al.
1985, Shiavi et al. 1987). A reduction in walking speed is a common
characteristic in patients, independent of diagnosis (e.g. Andriacchi et al. 1977,
Minns & Craxford 1984, Trias et al. 1994, Perttunen et al. 1995). The peak
plantar pressure and GRFs may vary at similar walking speeds, since walking
speed can be produced with different combinations of stride length and
cadence.

Walking speed also changes plantar pressure distribution. In general, peak
pressures and total force increase linearly with an increase in walking speed.
Furthermore, peak plantar pressures increase in most areas of the sole, but
decrease or remain almost constant in the lateral mid- and forefoot and fifth toe
when walking speed increases (Shorten et al. 1989, Hughes et al. 1991,
Rosenbaum et al. 1994, Kernozek et al. 1996). The increase in pressure under the
medial forefoot and decrease under the lateral forefoot are associated with a
significant medial shift in the location of the forefoot pressure peak (Shorten et
al. 1989, Rosenbaum et al. 1994). This shift seems to be closely related to a more
pronounced pronation, as indicated by the increase in eversion of the hindfoot
(Rosenbaum et al. 1994). In contrast, some authors have found no reduction in
peak plantar pressure under the lateral forefoot with increased walking speed
(Zhu et al. 1995, Rozema et al. 1996). The pressure-time integrals decrease in
proportion as walking speed increases (Zhu et al. 1995, Kernozek et al. 1996).
The differences between studies may due to several factors: the spatial
resolution of the measuring system, the walking speeds tested, sampling
frequency, and the effects of measuring in-shoe versus the bare foot on a rigid
platform (Kernozek et al. 1996).

2.6 Walking symmetry

Non-pathological human gait typically reflects symmetrical lower extremity
foot loading patterns (Clayes 1983, Hamill et al. 1984, Menard et al. (1992) and a
symmetrical gait is the best for walking at a freely chosen step rate (Rodano &
Santambrogio 1989). No significant differences were found in the F, and F,
parameters between right/left and preferred /nonpreferred legs during walking
(Hamill et al. 1984, Menard et al. 1992). Likewise, the plantar pressure patterns
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are bilaterally symmetrical (Grieve & Rashdi 1984, Luger et al. 1999). However,
the parameters of the GRF in the medio-lateral direction were characterised by
considerable asymmetries, probably due to the high variability found along this
axis (Herzog et al. 1989, Giakas & Baltzopoulos 1997). Therefore, F,
measurements are not reliable and should not be used as critical measures in
walking assessment.

On the contrary, the electromyographic (EMG) findings in the literature
are somewhat controversial. Pierotti et al. (1991) did not find asymmetry in
average EMG patterns in normal subjects for six knee muscle activities during
free, slow and fast walking speeds. Furthermore, the bilateral symmetry became
more repeatable at the fast walking speed. Similarly, Arsenault et al. (1986B)
did not find asymmetries in the EMG amplitude profiles for the soleus (SOL)
and rectus femoris (RF) muscles. However, the biarticular RF muscle showed
wider variation than the monoarticular SOL muscle. In contrast, Ounpuu &
Winter (1989) reported symmetrical EMG activity in seven selected muscles
recorded simultaneously during walking, except the SOL muscle. On the other
hand, in six of the seven muscles tested the activity on the dominant side was
greater than that on the non-dominant. It must be emphasised, however, that in
human gait, EMG activation of the leg extensor muscles is much more sensitive
to extensive loading differences than are GRFs, for example Komi & Gollhofer
(1991). According to Sadeghi et al. (2000), gait asymmetry seems to reflect a
natural functional difference between the limbs. This functional difference is
probably related to the contribution of each limb in carrying out the tasks of
propulsion and control during able-bodied walking. Limb laterality may be
another explanation for the existence of functional differences between the
limbs (Sadeghi et al. 2000).

2.7 Leglength discrepancy

Leg length discrepancy (LLD) is a condition where the lower extremities are of
unequal length. The bilateral discrepancy may be in the femur, in the tibia, or in
both and is a common clinical finding in paediatric orthopaedics (Moseley
2000). It has been estimated that 1 per 1000 of the population requires some
form of limb length correction (Guichet et al. 1991). Corrective procedures are
usually recommended when the bilateral difference in limb length is more than
two centimetres (Beaty 1992). However, this recommendation has not been well
defined; there is uncertainty in the literature concerning the magnitude of the
LLD for surgical intervention (e.g. Menelaus 1991, Moseley 2000, Gurney 2002).
An uncorrected LLD may result in pain and the early appearance of
osteoarthritis of the lower extremities (e.g. Gofton & Trueman 1971, Giles &
Taylor 1981, Kujala et al. 1987). Surgical procedures to equalise LLD include the
following: shortening of the longer leg, slowing or stopping the growth of the
longer leg, and lengthening of the shorter leg (Moseley 2000).
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Uncorrected discrepancies can change movement kinetics and kinematics
and result in altered gait patterns or in a limping gait. The ground contact time
reportedly decreases on the shorter side (Delacerda & Wikoff 1982, D’Amico et
al. 1985, Schuit et al. 1989, Kaufman et al. 1996, Bhave et al. 1999). Gait
asymmetry is the greater the larger the bilateral difference in the leg (Kaufman
et al. 1996). Comparing GRF bilaterally, Bhave et al. (1999) found that the mean
F, in the push-off phase was 104 percent of BW for the short limb as compared
with 116 percent for the long limb. Schuit et al. (1989) found that maximal F,
was larger in the foot of the shorter leg. Subsequently, Liu et al. (1998) found
that the asymmetry of F, on initial contact increases, but asymmetry of F,
decreases in the terminal phase of stance in the shorter leg. The authors also
concluded that the effect of the amount of correction produced by a heel lift on
gait symmetry is unpredictable. Schuit et al. (1989) reported that, especially
after shoe-lift, the asymmetry of the F, between the limbs increased. LLD more
than 5.5 percent of the length of the longer extremity have been reported to lead
to greater mechanical work on the longer side, and to a greater vertical
displacement of the CG of the body (Song et al. 1997).

2.8 Lower leg fractures

Fractures with extreme soft-tissue damage often cause impairment of calf
muscle function, which may be associated with an impaired ability to walk.
Becker et al. (1995) used plantar pressure distribution measurements and found
significant load asymmetry after successful surgical treatment of ankle
fractures. Patients with more successful operations put more load on the lateral
side of the forefoot of the injured leg. Similarly, less successful operative
treatment resulted in reduced pressures under the metatarsal heads.
Rosenbaum et al. (1996A) also found a lateral shift in the plantar pressure of the
injured foot after calcaneal fractures. In a vitro study by Rosenbaum et al.
(1996B) increased loading in the calcaneocuboid joint and decreased loading in
the talonavicular joint after simulated calcaneal fractures led to high lateral
plantar pressure. Furthermore, Durham et al. (1994) observed that after free flap
reconstruction of a soft tissue defect in the heel, peak plantar pressure was
elevated in the injured heel as compared with the healthy side.



3 THE PURPOSE OF THE STUDY

As has been become evident from the preceding paragraphs foot loading has
been rather extensively studied, especially in normal gait. Such studies have
mostly concentrated on the plantar pressure distribution or the ground reaction
force (GRF) patterns. In order to understand the true meaning of foot loading its
measurement needs to be integrated with other measures of neuromusculo-
skeletal function. Therefore, the main focus of this series of studies was to
examine the interaction between foot loading patterns and neuromusculo-
skeletal adaptation during gait. Furthermore, the purpose was to identify how
the impaired ability to walk after surgical intervention affected foot loading
patterns and neuromusculoskeletal function and to evaluate the efficacy of
surgical treatment and rehabilitation. The detailed objectives of the present
study can be categorised as follows:

1) It has been demonstrated that walking speed affects the pressure
distribution patterns and force production in healthy subjects at different
walking speeds. However, these studies have not been performed in true
natural walking condition. Therefore, the plantar pressures and GRF
variables were examined bilaterally under conditions which allow natural
walking with many consecutive steps along a long force platform. These
two methods were also compared to identify possible asymmetries in
human walking. Furthermore, the purpose of the first study was to
examine whether the measurement of plantar pressure was a relevant way
to clarify pathological foot mechanics.

2)  Tibial fractures with excessive soft-tissue damage often cause impairment
of calf muscle function, which may be associated with the impaired ability
to walk. Thus, the second study focused on identifying how the impaired
ability to walk affected plantar pressure distribution and the
neuromuscular function of the leg muscles after reconstructive surgery for
severe tibial fractures with massive soft-tissue damage and an estimating
the potential of these parameters in evaluating the efficacy of treatment.



3)

4)

31

The third study (III - IV) collected reference data from an extremely high
foot loading activity. The triple jump is a sports event in which the human
lower limbs have to be able to tolerate extremely high impact loading and
in which the lower limb bones are close to the upper limit of the adaptive
capacity of human bones. Thus, the purpose of the third study was to
investigate neuromuscular function and impact loads in the triple jump
with a specific focus on the interaction between GRFs, plantar pressures,
and muscle activities during the triple jump. In addition, this study
examined the bone mineral density of these triple jumpers and compared
their results with those of normal controls.

Uncorrected limb length discrepancy (LLD) may lead to pathological
loading of the spine and the lower limbs. Therefore, an understanding of
foot loading characteristics helps to prevent possible degenerative changes
of certain spine and limb structures. The purposes of the remaining
studies (V — VII) were to examine how the correction of LLD by two
different surgical procedures modified the foot loading patterns and how
the force production of the leg extensor muscles changed after surgical
intervention. In addition, special attention was paid to the interaction
between neuromusculoskeletal adaptation and movement patterns before
and after corrective surgery. The studies were also undertaken to evaluate
whether recovery from these musculoskeletal disorders was satisfactory as
evaluated by the present methodology.



4 RESEARCH METHODS

4.1 Subjects

Seventy subjects participated in the various experiments in this study. Physical
characteristics of the subjects are presented in Table 1. There were 12 adult
subjects in the first experiment, which is reported in paper I. The second
experiment included 17 patients, who were selected according to severity of
their tibial fracture. Their results are reported in paper II. The third experiment
included 16 subjects, eight national level triple jumpers and eight control
subjects. Their results are reported in papers III and IV. For the fourth
experiment, reported in paper V, the number of subjects was 25, 14 of whom
were selected for the fifth and sixth experiments. These 14 young patients were
further divided into two experimental groups according to the surgical
technique need. Their results are reported in the papers VI and VII. All the
subjects were fully informed of the procedures and the risks involved in these
studies and they gave their informed consent. The study was conducted
according to the Helsinki Declaration and the studies were approved by the
Ethics Committee of the Central Hospital of Central Finland. The Ethics
Committee of the University Hospital of Helsinki approved the study design of
the second experiment.
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TABLE 1 Physical characteristics of the subjects, mean and SD.
Age Stature = Bodymass  Original
(yrs) (m) (kg) paper
Mean SD Mean SD Mean SD
Exp.1 Healthy subjects (n = 12) 29 6 1.83 0.09 814 124 I
Exp.2 Patients (n=17) 51 11 178 0.06 854 16.2 I
Exp.3 A Male jumpers (n = 4) 24 2 1.85 0.04 767 3.8 i
Female jumpers (n = 3) 23 3 1.72 002 63.6 49
Exp.3 B Triple jumpers (n = 8) 22 3 1.79 0.08 722 86 v
Controls (n = 8) 22 3 1.79 008 714 7.1
Exp.4 Patients (n =25) 15 2 161 0.09 525 121 v
Exp.5 Patients before oper. (n=7) 13 1 157 0.09 456 8.2 VI
Patients after oper. (n=7) 14 1 1.63 0.09 505 57
Exp.6  Patients before oper. (n=7) 16 1 1.67 0.07 626 121 VII
Patients after oper. (n=7) 17 1 1.74 0.08 660 11.7

4.2 Experimental design

4.2.1 Experiment 1

The measurements were performed immediately after familiarisation on a 30-m
long walkway (covered with a Tartan-mat). A 10-m long force platform
consisted of two parallel rows of individual plates. Details about the force
plates will be given in paragraph 4.3.2. The force plate system was mounted in
the middle of the walkway. The healthy subjects were examined at target
velocities of 4.0 km-h” (slow), 5.5 kmh™ (normal), and 7.0 km-h™ (fast) walking
speeds, corresponding to 1.11, 1.53 and, 1.94 m-s”, respectively. The margin for
accepting a trial was * 2.5% of the selected speeds, and the subjects” walking
speed was measured and controlled by photocells. The order of the walking
speeds was randomised, and all the subjects walked three times at each speed.
In each trial at least five contacts from each foot were collected. Every subject
wore the same type of athletic running shoes during testing in order to
minimise any possible effects of shoes on performance.

A portable, in-shoe pressure data-acquisition system was used to measure
plantar pressure distribution. The insoles were connected to the Data Logger,
which was fixed by a belt to the subject’s back. The sampling frequency was 100
Hz. The data collection was initiated by remote control and was synchronised
with the ground reaction force (GRF). Asymmetries during walking were
examined using the symmetry index (SI) (Herzog et al. 1989).

4.2.2 Experiment 2

In the second experiment, foot loading patterns were investigated in 17 patients
recovering from the reconstruction of severe tibial fractures. The gait analyses
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were done from 9 months to 14 years after a successful free flap reconstruction.
The subjects did the walking trials on a 30-m walkway and they were given
time to become familiar with the experimental procedure. All the patients were
instructed to walk naturally twice along the walkway at their own preferred
speed. Walking speed was measured with photocells and the recording
distance was 10 m. The bilateral plantar pressure distribution and bilateral
electromyographic activity (EMG) of the lateral head of the gastrocnemius (GL),
tibialis anterior (TA), and vastus medialis (VM) muscles were measured. The
sampling frequency for plantar pressure was 200 Hz, and for the EMG
recordings 800 Hz. The data collection was initiated by remote control.

4.2.3 Experiment 3

Sixteen subjects were involved in the third experiment. The 2-D GRFs were
measured by a force platform (13-m long) from three female and four male
national level triple jumpers during the hop, step and jump. Their personal best
competition performances were 13.25 + 0.11 m (females) and 15.75 + 0.82 m
(males), and the average training background of the whole group was 7 + 3
years. The measurements were performed immediately after a competition
season. The subjects performed three to six jumps and the three longest jumps
were selected for the final analysis. Run-up speed during the last five metres
was measured with the photocells (III).

The Paromed-System® was used to measure the plantar pressure
distribution simultaneously with the EMG recorded bilaterally. The EMG was
recorded with surface electrodes from the gluteus maximus (GM), vastus
lateralis (VL) and gastrocnemius lateralis (GL) muscles of both legs. The data
collection was initiated by remote control and was synchronised with the GRF.
The signal transmitted by a light synchronisation device was recorded in the
Data Logger. The same signal was also sent telemetrically to another computer.
In the analysis, the collected triple jump recordings were divided into the hop,
step and jump phases. The contact period was divided into the braking and
push-off phases according to the direction of the horizontal GRF (Mero & Komi,
1986).

As a reference locomotion, the jumpers walked three times at their
preferred speed along the 30-m walkway incorporating the 13-m force platform.
The highest GRFs in the dominant lower limb (i.e., the primary take-off limb)
were included in the further analysis. Their gender-, age-, height-, and weight-
matched nonathletic pairs were also asked to walk over the force platform at
exactly the same speed as the jumpers. During these trials, the 2-D GRF of the
dominant lower limb was recorded. The bone mineral density (BMD) data from
the jumpers were compared with the corresponding data from the controls. In
addition, all the subjects were given a questionnaire for the evaluation of past
injuries, known diseases, diet, medication and the life-style. The training history
of the triple jumpers and the physical activity of the control group were also
assessed.
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4.2.4 Experiments 4, 5, and 6

In experiments four, five, and six the foot loading patterns were examined in
the two patient groups. The similar plantar pressure, GRF, and EMG
measurement protocol was used in all the experiments. The patients were
instructed to walk naturally at a normal (1.53 m's”) and fast (1.94 m-s”) walking
speed. Before the measurements, all the subjects performed walking trials on
the 30-m walkway to become familiar with the experimental procedure. The
long force platform was mounted in the middle of the walkway and walking
speed was measured by photocells placed at both ends. The margin for
acceptance of the trial was + 2.5 % of the selected speeds. The order of walking
speeds was randomised, and all the subjects walked three times at both speeds.
In each trial at least five contacts were collected from each foot. Every subject
wore the same type of rubber-soled shoe during testing in order to minimize
any possible effects of shoes on performance. Asymmetries during walking
were examined using the SI (Herzog et al. 1989).

The bilateral plantar pressure distribution measurements were performed
simultaneously with EMG recordings and the data collection was initiated by
remote control. The EMGs were recorded bilaterally from the lateral head of the
gastrocnemius (GL), vastus medialis (VM), and rectus femoris (RF) muscles.
The sampling frequency for each pressure sensor was 200 Hz and for the EMG
recordings 800 Hz. During each walking condition, 2-D GRFs were measured
by two rows of force platform 10-m (in length) simultaneously with plantar
pressure and EMG measurements during many consecutive steps (Figure 4).

To complement the walking measurement, additional performance
measurements were recorded as well. These included the maximum unilateral
isometric torque of the knee extensor muscles. The knee angle was 100° and the
thigh was fixed on the seat in the distal part of the femur. The hips were fixed at
110° flexion. The ankle was attached to the moment arm just above the
malleolus. The untested leg rested on a support table and the arms were not
allowed to be supported during efforts. The patients also performed warm-up
muscle actions before the measurements and after that they were asked to exert
maximal unilateral force as rapidly as possible and to maintain that force for
about 3-4 s. In all the tests, the subjects received verbal encouragement to exert
maximal force. The patients performed from two to three muscle actions, and
the best of them was selected for the final analysis.

In experiment five, seven patients were monitored for 52 weeks after
epiphyseodesis for LLD, and in the last experiment seven patients were
monitored for 52 weeks after closed intramedullary lengthening of the femur
with lengthening device. The measurements were repeated three, 12, 24 and 52
weeks postoperatively in both patient groups. In addition, the same
measurements were also performed one year after nail removal in experiment
six (VII).
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FIGURE 4 Schematic illustration of the walking conditions in experiments 4 — 6.

4.3 Recording procedures and analyses

4.3.1 Plantar pressure measurements

An in-shoe pressure data-acquisition system (Paromed-System®, Paromed™
Medizintechnik GmbH, Germany, overall mass of 1.9 kg) was used to measure
the distribution of plantar pressure in all the experiments in this project. The
Paromed Datalogger® is a 40-channel data-recording unit with 32 channels
dedicated to pressure sensors and eight universal channels for analogy input
from other measurement sources (e.g. EMG). The unit (weight 570 g) has two
insole pressure transducers with 16 piezoresistive microsensors per insole
embedded in constrained hydrocells (Figure 5). Each hydrocell consists of an
incompressible fluid preserved in a constrained polyurethane pack that can
only be deflected at the top and bottom. Theoretically the design allows for a
pressure measurement that unifies the normal and tangential components of
the force applied (Paromed Datalogger® Instruction Manual 1995, Paromed
Datalogger® Operating Instruction 1999). The microsensor consists of a
Wheatstone bridge circuit fixed onto a silicone membrane that deflects under
pressure into an evacuated chamber. This allows for the measurement of loads
between the foot and the supporting material and is considered to be self-
compensating against changes in temperature (Leyerer et al. 1997).



37

FIGURE 5 On the left is the Paromed Datalogger® with insoles and remote control.
During the experiments the Paromed Datalogger® is fixed by a belt on
the patient’s back (on the right).

The measuring area of the sensors covers 23 % of the insole. The sensors
are arranged to record pressures from the most clinically relevant areas of the
foot, as optimised on the basis of a study of 350 subjects (Schumacher 1995).
According to the manufacturer areas with little relevant information are
equipped with fewer sensors (midfoot). In contrast, areas with great pressure
information (forefoot) have a higher spatial resolution. With that structure the
insoles can describe normal plantar pressures patterns satisfactorily. The
sensors are calibrated by the manufacturer and each insole comes with a
calibration file (Paromed Datalogger® Instruction Manual 1995, Paromed
Datalogger® Operating Instruction 1999). According to the bench testing of the
Parotec System, it has a range of measurement of 62.5 N-cm”, resolution of 0.25
N-cm?, accuracy of + 2.0 % of full scale, and precision of + 0.4 % of full scale.
The results showed further that there was no visible temperature or humidity
drift. The tests also showed insignificant hysteresis (0.05 % at 20 N-cm™) and
non-linearity (+ 0.42 % of full scale) (Schumacher 1995).

In the present walking measurements, the subjects took more than three
steps before the start of data recording to ensure a steady-state gait. In each
walking trial at least five contacts of from each foot were collected. Thus, a
minimum of 15 contacts from each foot were recorded and averaged in every
experiment According to Hughes et al. (1991), a mean of ten contacts to each
subject gives good reproducibility (0.97) for peak plantar pressure recordings.
During testing, every subject wore the same type of rubber-soled shoes in order
to minimize any possible effects of shoes on performance.

The plantar pressure data and EMG were saved on the exchangeable
memory card (SPRAM-PCMCIA type I) and subsequently transferred to the
Silicon Graphics workstation (Silicon Graphics, Inc, USA) for analyse and
visualisation. All the plantar pressure analyse, visualisation and computer
simulations were done by BMVM software (produced in the Department of
Biology of Physical Activity). Bilateral maximal and average plantar pressures
and the timing patterns of all the sensors were analysed and contour curves
were drawn as well. The 3-D pressure contours were generated by the NURBS-
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method (Non-Uniform Rational B-Splines method) (Kokkonen 1999). In
addition, asymmetries for different parameters during walking were examined
using the symmetry index (SI) presented by Herzog et al. (1989).

X, - X,
S= — +100%
1/2(Xr + XI)
where X = gait variable for the right leg
X, = gait variable for the left leg

Perfect symmetry between legs requires a value of zero for SI and the level
of symmetry was considered acceptable when SI < 10%.

4.3.2 Ground reaction force measurements

The GRFs were measured in the all experiments except experiment two, by
strain gauge-type force plates (Raute Oy, Finland; natural frequency = 150 Hz,
linearity <1 %, cross talk <2 %). Fourteen separate force plates (I, V — VII) (total
length 10 m; biomechanical laboratory of the Department of Biology of Physical
Activity) are mounted in two rows and both force platform rows collect data
only from their own side (Figure 4). This method allows GRFs to be collected
from both feet simultaneously with plantar pressure and EMG measurements
during many consecutive steps. In the triple jump experiments (III, IV) 2-D
GRFs were recorded by a 13-m force platform (TR-test, Finland and Kistler,
Switzerland; natural frequency > 150 Hz and sampling frequency 1 kHz) during
the hop, step and jump.

Maximal and average GRFs as well as the resultant forces and their
directions were analysed. All recorded and calculated signals were averaged
intraindividually at each walking speed. Contact times were divided into the
braking and push-off phases according to the direction of the F, (Mero & Komi
1986) (see also Figure 2). A vertical force signal of 20 N was used to identify and
trigger the beginning and the end of contact.

4.3.3 Measurement of electromyographic activity

In all the walking experiments EMG was recorded by a Paromed Datalogger®
system with pre-gelled single-use surface ECG electrodes (Niko Surgical Ltd.,
Type 4560, UK). Electrodes were placed longitudinally on the surface of the
muscle belly at a fixed inter-electrode distance of 38 mm. Cross talk between
muscles was assumed to have a minimal influence on the recorded signals
because of the relatively large inter-electrode distance (Winter et al. 1994). To
keep the inter-electrode impedance low the skin was dry shaved, rubbed with
sandpaper and cleaned with isopropanol. The preamplification factor near the
electrodes is set by the manufacturer (Paromed™ Medizintechnik GmbH) at
100 and the input impedance at 10 GQ. The low and high cut-off frequencies
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were 10 Hz and 400 Hz, respectively. The sampling frequency was 800 Hz with
bandwidth variation from 1 Hz to 120 kHz.

In the knee extensor MVC experiment (V — VII) the EMG signals were
transmitted telemetrically, amplified by an FM microvolt amplifier (Glonner
Electronic GmbH, Germany) (bandwidth 3 Hz to 360 Hz, sampling frequency 1
kHz). The EMG signal was stored simultaneously with the force signal on a
computer hard disk via a real time data acquisition system (Codas, Dataq
Instruments Inc., USA) with a sampling frequency of 1 kHz.

The EMG signals were full-wave rectified and the average EMG (aEMG)
was computed in experiment two (II) for two phases: preactivity (0-100 ms
before the heel contact) and stance. In experiments four, five and, six (V — VII),
aEMG was computed for four phases: preactivity, braking, push-off, and
postactivity (0-100 ms after toe-off). Contact times were divided into braking
and push-off phases according to the direction of the F, (Mero & Komi 1986)
(Figure 2). In the triple jump experiment (IV), aEMG was also computed for
four phases: preactivity (50-100 ms and 0-50 ms before touchdown), braking
and push-off. The EMG amplitudes were then normalised to the average levels
of five consecutive contacts recorded while walking at the preferred speed.
Thus, the walking activity levels were denoted as 100% for these four phases.
The EMG data was afterwards analysed with BMVM software at the
Biomechanical laboratory.

4.3.4 Muscle strength measurements

The maximum isometric torque of the knee extensor muscles was measured in
the sitting position (V — VII) by using a variable-resistance knee extension
machine (David 200, David Fitness and Medical, Finland). The machine was
modified so that the lever arm could be locked and the MVC could be recorded.
The force signal was stored simultaneously with the EMG signal on a computer
hard disk via a real time data acquisition system (Codas, Dataq Instruments
Inc., USA). The force and EMG data were further digitised and analysed with a
CODAS computer system.

4.3.5 Bone mineral density measurements

To evaluate how a triple jumper’s bones adapt to the extreme loading that
occurs in the event, BMD was investigated by peripheral quantitative computed
tomographic scans (pQCT) (Norland/Stratec XCT 3000, Stratec Medizintechnic
GmbH, Germany) in experiment three (IV). BMD measurements were taken
from the distal femur, proximal tibia, tibial midshaft, distal quarter of tibial
shaft, and distal tibia of the dominant lower limb, according to standard
procedures (Sievanen et al. 1998).
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4.3.6 Statistical methods

Means and standard deviations (SD) were calculated in each subjects (I — VII).
Multivariate analysis of variance (MANOVA) for repeated measurements was
used to test for main effects of repetitions and experimental conditions as well
as their combined effects on selected variables. It revealed that repetition had
no statistically significant influence on any of the main variables in experiments
one and three (I, III). Therefore, all the signals from each contact were averaged
within the subject at each walking speed. Stepwise multiple regression analysis
was used to examine the relationships between variables in experiment three.

The statistical significance of the findings was evaluated with a paired t-
test for comparison of all paired variables between the affected and the non-
affected limb (II, V). Linear regression analysis was used to calculate the
acceptable upper and lower limits of the discrepancy in patients with LLD (V).

The Wilcoxon Signed-Rank Test was used for paired comparison
significance between surgically treated and the untreated limb of the patients
(VI, VII). The comparison of the bone variables and leg extensor strength
between the triple jumpers and their matched pairs were also analysed by the
Wilcoxon Signed-Rank Test (IV). Furthermore, Spearman’s rank correlation
coefficient was used to determine the association between the bone variables
and the GRFs during walking and performance of the triple jump (IV). All
statistical analyses were performed through the use of a statistical software
package (SPSS, Version 8.0 or Version 9.0, SPSS Inc., USA).



5 RESULTS

The main findings from the present series of experiments are presented below.
For more details the original papers (I — VII) should be consulted. Some
unpublished results are also included.

5.1 Interaction between walking speed and foot loading

In the study of the normal population (I), the vertical and horizontal ground
reaction forces (GRF) were strongly dependent on walking speed, as shown in
figure six. The mean peak F, in the braking phase was 1.07 = 0.03, 1.24 + 0.05
and 1.48 + 0.08 times BW for the slow, normal and fast speeds, respectively. The
corresponding values during the push-off phase were 1.07 + 0.03, 1.14 = 0.04
and 1.23 = 0.06 times BW.

The peak plantar pressures were generally higher when walking speed
increased (Figure 7). The highest peak pressures were obtained under the heel,
the first metatarsal and the big toe (over 200 kPa), while the lowest peak
pressures were found under the midfoot. Statistically significantly increased
peak plantar pressures were found under the heel (p<0.001), the lateral forefoot
(p<0.01), the first metatarsal (p<0.01), and the big toe (p<0.01). The foot loading
patterns shifted towards the medial side of the forefoot with increased walking
speed. The peak pressures were significantly reduced in the lateral region of the
forefoot (p<0.01), but also diminished slightly in the centre part of the forefoot
with increased walking speed.



42

Mean F,
—Marmal
. Fast
N2\ l -
Mean F, (N)
300
0
-300
FIGURE 6 The mean GRFs of one subject in the healthy subject group (experiment

1) at slow (24 contacts), normal (20 contacts), and fast (17 contacts)
walking speed.
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FIGURE 7 The mean (SD) peak plantar pressures of the various sensors in the
healthy subject group at slow, normal and fast walking speed (N = 12).
The values are shown diagrammatically for the right foot only.
Significance denotes differences from normal walking speed.

5.2 Walking symmetry

5.2.1 Normal gait

The foot loading patterns of the healthy subjects demonstrated symmetrical gait
in the natural walking conditions (experiment 1). No statistically significant
differences were found in this group between the left and right sides in any of
the F, and F parameters in the braking and push-off phases at the slow, normal,
and fast walking speeds. In addition, the bilateral comparison of the mean SI for
the GRF parameters remained under 10% between sides. Bilateral comparison
of the plantar pressure distribution showed that the normal subject group had
symmetrical patterns at the selected walking speeds (Figure 8). However,
bilateral comparison of the mean SI for these parameters showed much greater
variability, especially under the medial midfoot (sensor number 8).
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FIGURE 8 Examples of the plantar pressure contour curves of one healthy subject at
slow, normal, and fast walking speed.

5.2.2 Pathological gait

The patient groups showed excessive asymmetries as compared to the healthy
subjects. After free flap reconstruction for open tibial fractures the stance period
was shorter on the non-operated side. It was also shorter in the shorter limb as
compared to the longer limb at normal and fast walking speeds in the LLD
study.

Bilateral plantar pressure comparison showed that the peak pressures
beneath the non-operated foot were generally higher than under the operated
foot after reconstruction surgery for open tibial fractures. The peak pressures
under the lateral forefoot (sensors 9, 10, and 12) were significantly higher
(p<0.001) on the operated than on the non-operated side. In contrast, the peak
pressures were lower (p<0.001) under the medial side of the foot (sensors 3, 13,
14, and 16) (Figure 9). The pressure distribution patterns differed considerably
between individuals, as shown in the contour curves of two different patients
(Figure 10). In addition to these bilateral differences, the unilateral comparison
showed differences in plantar pressure distribution. The non-operated foot
showed greater variability than the operated foot in consecutive contacts, as can
be seen in the COP curves (Figure 11).
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Comparison of the occurrence of the higher pressure points between the
operated and non-operated leg after free flap reconstruction for open
tibial fractures. Black circles denote higher pressures on the operated
side and grey circles significantly lower pressures on the operated side

(N = 17).
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Examples of the contour curves of two patients after free flap
reconstruction for open tibial fractures while walking.

A. The peak pressures were higher under the-operated foot.
B. The peak pressures were higher under the non-operated foot.
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Operated  Non-operated Operated  Non-operated

FIGURE 11 Centre of pressure curves from two consecutive steps (2™ and 3").

Uncorrected LLD resulted in excessive plantar pressure asymmetries as
compared to the healthy subjects, especially at fast walking speed. The peak
pressure was higher under the big toe (sensor 15) on the longer side as
compared to the shorter side (168 + 113 kPa vs. 112 = 72 kPa, p=0.037) at fast
walking speed. The average plantar pressure of the longer limb was greater
under the heel area (sensors 1, 2 and 3) in normal walking. However, the
average pressure under the medial forefoot was higher in the shorter limb (33.9
+ 15.4 kPa vs. 27.7 + 9.8 kPa) (sensor 12) (p=0.033). The bilateral comparison of
the mean SI for the peak plantar pressure values showed even greater
variability.

The heel impact (sensors 1 and 2) of the longer limb lasted longer than that
of the shorter leg at both walking speeds. The time to peak plantar pressure in
the relative scale took place significantly earlier in the short limb at several
points: sensors 2, 5, 6, 7, 9 and 10 at normal walking speed and sensors 9 and 12
at fast walking speed (p<0.05). Bilateral comparison of the plantar pressures
showed furthermore that the beginning of the sensor activity took place earlier
on the shorter side at the lateral midfoot (sensor 6) and under the forefoot
(sensors 10 and 11) at normal walking speed and (sensors 6 and 7) at fast
walking speed (p<0.05)). Similarly, the end of the sensor action took place
earlier in the rearfoot of the shorter leg (sensors 1 — 4 and 6 — 7) at normal
walking speed and sensors in 1 - 4 at fast walking speed (p<0.05).

The GRF also showed asymmetries between the longer and shorter limb.
At normal walking speed the mean peak F, in the push-off phase was 1.29 +
0.09 times BW in the shorter limb and 1.33 + 0.05 BW in the longer limb
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(p=0.027). The corresponding values at the fast speed were 1.48 + 0.15 and 1.55
+ 0.11 BW (p=0.001). The peak horizontal GRF in the anterior-posterior
direction (F)) was greater in the push-off phase in the longer limb (170 + 42 N)
vs. (154 + 44 N) (p<0.001)) at fast walking speed.

The EMG patterns of the rectus femoris (RF), vastus medialis (VM) and
gastrocnemius lateralis (GL) muscles showed similar bilateral patterns at both
walking speeds in the LLD study. As expected, the knee extensor muscles were
already activated 100 ms before heel contact. The rectus femoris muscle had a
biphasic activity pattern and the gastrocnemius was primarily active in the
push-off phase (Figure 12). In addition, the RF muscle showed greater
activation in the shorter leg during the braking and push-off phases. After the
free flap reconstruction for open tibial fractures, the EMG patterns varied
considerably among the subjects. Five patients showed more EMG activity in
the GL muscle on the operated side after surgery, four patients showed more
EMG activity on the non-operated side and three patients showed no
differences in GL activity between the lower limbs. The low EMG activity of GL
corresponded well with the low plantar pressure under the forefoot during the
push-off phase (Figure 13).

5.3 High magnitude loading

The measurements performed on the triple jumpers demonstrated that F, and F,
were highest during the step. For all contacts, (hop, step and jump) the GRFs
were higher in the braking than in the push-off phases. In the braking phase of
the hop, step and jump, the maximal F, was 11.3 + 3.6, 15.2 £ 3.3 and 12.9 = 3.1
times BW and F 4.8 £ 14, 7.0 + 3.9 and 6.2 £ 1.1 times BW, respectively. The
maximal F, in the braking phase and the maximal F, in the push-off phase were
best GRF predictors (58.9 % and 27.1 %, respectively) for the final distance in
the triple jump.

As expected the highest peak pressures were obtained in these athletes
under the heel and forefoot areas while the lowest pressures were found under
the midfoot in the triple jump. In several cases, the heel pressures were so high
that the signals exceeded the measuring range of the transducers. The observed
peak pressures were more than four times higher in the triple jump as
compared to normal walking (Figure 14) performed by these same athletes. The
peak pressures under the lateral forefoot (sensors 6, 9, 12) correlated positively
(p<0.001) with the length of the triple jump (r=0.71, r=0.87, r=0.90, respectively)
(Figure 15). In the triple jump the heel and forefoot sensors responded at the
same time, implying that the sole of the foot touched the ground flat. In the
individual analyses, all three triple jump phases demonstrated high pre- and
braking activities of the leg extensor muscles. The mean EMG values of the
vastus lateralis muscle were greater (p<0.001) during the braking phase than
during the push-off phase. However, no clear quantitative phase (hop, step and
jump) differences were observed in any of the EMG patterns (Figure 16).
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FIGURE 13 Mean (SD) of the rectified EMGs (tibialis anterior, lateral head of

gastrocnemius, and vastus medialis) and the maximal pressure contour
curves of both feet of one subject after free flap reconstruction for open
tibial fractures. The first and second solid lines indicate the beginning
and end of the contact, respectively.
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The loading characteristics, particularly in the braking phase of the triple
jump step predicted best the bone size and the bone strength variables. In this
phase, the body-weight-adjusted GRFs correlated significantly with the tibial
midshaft and tibial distal quarter cortical area and section modulus (r.= 0.79-
0.81, p<0.05) (Figure 17). The body-weight adjusted GRFs for walking
correlated significantly (r.=0.62, p<0.05) with the proximal tibia total area only.
Although, the bones of the triple jumpers were stronger, in both groups the foot
loading characteristics were similar during normal walking speed. No
significant relationship was found between the loading variables and aBMD of
the lumbar spine and femoral neck. There were no significant correlations
between the loading characteristics and the total density of the femoral neck,
distal femur or proximal tibia (r, ranging from -0.31 to 0.31), or between the
loading characteristics and the trabecular density of the distal tibia (r, ranging
from —0.43 to 0.13).
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FIGURE 14 Example of the peak pressures of the various sensors for one male

jumper measured during the hop, step and jump phases of the triple
jump and during walking. The missing standard deviation bars indicate
that the signals from these sensors exceeded the range of measurement
of the sensors.
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FIGURE 16 Mean (SD) average EMG of the vastus lateralis muscle in the preactivity,

braking and push-off phases of the triple jump. Asterisks denote
differences between hop, step and jump (p>0.05) (N = 7).
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5.4 Limb length discrepancy experiments

The preoperative results were presented in section 5.2.2. Immediately after
these preoperative measurements, the patients underwent surgery in which one
of the two different techniques were used to correct the LLD. The first
procedure was epiphyseodesis, which is performed to slow the growth rate of
the longer leg, and the second was intramedullary lengthening which is a
corrective procedure to elongate the shorter limb.

5.4.1 Epiphyseodesis

Contact time was preoperatively longer on the longer side at normal and fast
walking speeds. After 52 weeks postoperatively, the difference between the
shorter and longer limb had disappeared at normal walking speed but the
difference was still present at fast walking speed. The maximal and average F,
were significantly greater in the braking and push-off phases in the operated
(longer) limb 52 weeks after surgery. The maximal F, values were lower on the
longer (operated) limb in the braking and push-off phases (Figure 18) until the
26" week. The average F, in the push-off phase was also lower in the operated
limb before surgery, and remained lower until 26 weeks after surgery (Figure
19). Similarly, the average resultant forces (F)) were significantly lower in the
operated limb 12 and 26 weeks after surgery at fast walking speed. The mean
LLD decreased considerably during the follow-up. It was preoperatively 2.5 +
0.8 cm and 52 weeks postoperatively only 0.9 + 1.2 cm.
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FIGURE 18 Mean (SD) maximal vertical (F,) ground reaction forces of the longer
(operated) and shorter (non-operated limb) preoperatively and three, 12,
26 and 52 weeks after correction of the LLD by epiphyseodesis (N =7).
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FIGURE 19 Mean (SD) average vertical (Fz) ground reaction forces of the longer

(operated) and shorter (non-operated) limbs preoperatively and three,
12, 26 and 52 weeks after correction of the LLD by epiphyseodesis (N =
7).

Before surgery the peak pressure was higher under the big toe (sensor 15)
in the longer limb as compared to the shorter limb (173 + 103 kPa vs. 53 + 24
kPa (p=0.046) at fast walking speed. The bilateral symmetry improved
gradually during the follow-up: after 52 weeks, the differences between the
plantar pressure parameters disappeared almost completely (Figure 20).

A bilateral comparison showed that the muscle activity patterns varied
during the follow-up. The activity pattern of the GL muscles differed between
the operated and the non-operated sides until 26 weeks after surgery. Patients
showed more EMG activity on the non-operated side in the push-off phase at
both walking speeds. After one year, there was an improvement in the
symmetry compared to the preoperative condition (Figure 21). The RF and VM
muscle activity patterns were similar between sides, demonstrating only small
inter- and intrainvidual variation during the follow-up.
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FIGURE 20 A representative example of the centre of pressure curves at fast walking
(1.94 m:s”) speed preoperatively, and 52 weeks after epiphyseodesis.
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FIGURE 21 Comparison of the rectified EMG of the gastrocnemius muscle and
corresponding plantar pressure contour curves (stance period) for both
legs before the surgery, and 12 and 52 weeks postoperatively. Dashed
lines indicate the beginning and the end of the stance phase.
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5.4.2 Intramedullary lengthening

The patients scheduled for intramedullary lengthening of the shorter limb
demonstrated a longer stance period preoperatively on the long side at both
walking speeds. After 52 weeks postoperatively, the difference between the
shorter (operated) and longer limb disappeared at fast walking speed but the
difference remained at normal walking speed between the non-operated (634 +
21 ms) and the operated limb (647 + 21 ms) (p=0.028). The mean discrepancy
measured radiologically (Friberg et al. 1985) decreased during the follow-up. It
was 3.0 £ 1.1 cm before the surgery and one year later when the nail was
removed, it was only 0.3 + 0.3 cm.

Preoperatively, the peak plantar pressures demonstrated asymmetry
between the legs at both walking speeds. After 52 weeks, these differences had
disappeared (Figure 22). The average plantar pressure of the longer limb was
greater in the medial forefoot (sensors 10, 11, 13) (p<0.05) during normal
walking. In contrast, the average pressure under the medial rearfoot was higher
in the shorter limb (sensor 3) (p=0.028). After 52 weeks, the differences in the
average plantar pressures had almost disappeared (Figures 23).

Peak Pressures (Normal walking)
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FIGURE 22 The mean (SD) peak plantar pressure values (N = 7) of all sensors

measured during normal walking speed (1.53 m-s") (B = before surgery
and A = 52 weeks after intramedullary lengthening of the shorter limb).



56

Peak Pressures (Fast walking)
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FIGURE 23 The mean (SD) peak plantar pressure values (N = 7) of all sensors

measured during normal walking speed (1.94 m-s") (B = before and A =
52 weeks after intramedullary lengthening of the shorter limb).

The timing patterns of the sensors showed many statistically significant
differences preoperatively between the sides, but during the follow-up the
bilateral symmetry improved considerably. However, one year after
intramedullary lengthening the maximal and average vertical F, and the
maximal and average resultant forces (F,) showed significantly greater values in
the braking and push-off phases in the non-operated (longer) limb. The low
vertical F, in the operated limb and low plantar pressure under the forefoot
corresponded well to the low EMG activity of GL in the push-off phase. The
EMG activity of the GL muscle was lower on the operated side in the push-off
phase during the follow-up (Figure 24).
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contours at fast walking speed before and 12 weeks after surgery. The

dashed line indicates the beginning and end of the contact period.
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5.5 Isometric knee extensor torque

In the LLD studies (experiments four, five, and six) the patients also performed
the tests for maximal isometric knee extension torque. The MVC of the longer
limb was higher (626 + 219 Nm) than that of the shorter limb (542 + 185 Nm)
(p=0.036). The bilateral difference (A %) in MVC was significantly related to the
magnitude of the LLD. Similarly, the bilateral differences in F, in both the
braking and push-off phases were also interrelated (p> 0.05). The MVC of the
operated limb decreased drastically after epiphyseodesis and intramedullary
lengthening. After epiphyseodesis it remained lower than the torque of the non-
operated limb until the 26" week (Figure 26). The aEMG of the VM muscle of
the operated limb also decreased significantly during the first three
postoperative weeks. Thereafter a gradual increase was observed until the 52
week (Figure 26). The pattern of EMG changes reflected those of the torque
changes during the follow-up period.

In contrast, the MVC of the longer (non-operated) limb was still greater
one year after intramedullary lengthening operation (748 + 226 Nm vs. 526 +
133 Nm) (p=0.018). The bilateral difference, however, disappeared one year
after nail removal (Figure 27).
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FIGURE 25 Mean (SD) curves of the maximum isometric knee extensor torque of the

longer (operated) and shorter (non-operated) limbs during 52-weeks
follow-up. Pre refers to the measurements before epiphyseodesis (N = 7).
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FIGURE 26 Mean (SD) curves of ® EMG of the vastus medialis muscle (VM) in the
operated limb before and after epiphyseodesis (N = 7).
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FIGURE 27 Mean (SD) curves of the maximum isometric knee extensor torque of the

longer (non-operated) and shorter (operated limb) during the follow-up
period after intramedullary lengthening (N = 4).



6 DISCUSSION

The present study demonstrated that walking speed did not increase bilateral
foot loading asymmetry in the healthy subjects. Furthermore, the findings
indicated that, compared to the healthy subjects, the patients with limb length
discrepancy and patients who were recovering from tibial fracture had
excessive foot loading asymmetries. On the other hand, reconstruction surgery
for LLD led to considerable improvements in foot loading and muscle strength
symmetry during the follow-up period. Although the decrease in symmetry
found in neuromuscular performance immediately after the surgery was not
surprising, the rapid recovery from epiphyseodesis was noteworthy. The
outcome after the different surgical interventions was not complete symmetry,
although significant improvements were achieved in foot loading symmetry
and in neuromuscular function. The differences imply that to achieve complete
symmetry a longer adaptation and rehabilitation period is required.

6.1 Methodological considerations vis-a-vis the Paromed
System®

The Paromed-System® has been used recently in a variety of plantar pressure
measurements (e.g. Virmavirta et al. 2000, Chesnin et al. 2000. Femery et al.
2001). In the present project, it was utilised in every experiment. A belt on the
subject’s back attached the equipment firmly and according to the subjects it
did not disturb their walking and jumping trials. The Paromed-System® seems
to be very sensitive to changes in pressure during walking, although the
measuring area of the sensors covers only 23 % of the insole. There is a
relatively large space between the sensors, but they are arranged so as to record
plantar pressures from the most clinically relevant foot areas (Schumacher
1995). However, in the triple jump, the impact forces in the braking phase were
so powerful that the Paromed-System® could not record the true loading
values satisfactorily. In several cases the heel pressures (sensors 1 and 2, see



61

Figure 14) were so high that they exceeded the measuring range of the sensors.
In addition, the braking and the push-off times were much shorter in the triple
jump than during walking. Therefore the sampling frequency (200 Hz) used in
this project was insufficient to record the true peak plantar pressure values
during heel impact in the triple jump.

To determine the validity of the Paromed-System®, the vertical GRF
values were estimated from the pressure measurements by using coordinates
for the insoles. This mathematical model was developed for each size of insole.
The F, values calculated from this model corresponded almost completely with
the true F, values recorded from the force platform during the same trial (Figure
28). The reproducibility of the measurement systems is also critical, because
movement of the foot or the insole may result in a large variability in the
pressure recordings. This disadvantage was mitigated in this study by
averaging several consecutive steps in every experiment (at least 10 steps, in
many cases over 20 steps). According to Hughes et al. (1991), a mean of ten
contacts for each subject ensures good reproducibility for peak plantar pressure
recordings. Furthermore, in the normal walking condition at least three steps
are required to achieve the steady-state gait (Miller & Verstraete 1996). To
ensure this, the subjects always took more than three natural steps before the
data recording began in every walking experiment. In addition, the patients had
asymmetrical contacts even in consecutive steps (Figure 11). The measurement
protocol used here allows several successive steps to be recorded and thus
reduces the variability in the foot loading patterns as well as eliminating
possible targeting problems.

As mentioned earlier, the footwear used also has a considerably effect on
plantar pressure distribution (e.g. Schaff & Cavanagh 1990, Sarnow et al. 1994,
Nyska et al. 1995 Perry et al. 1995). Therefore, every subject wore the same type
of shoes in every experiment in order to minimize any effects of shoes on
performance. In addition, the “best-fit” insoles were carefully selected for every
subject.
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FIGURE 28 The validity comparison of plantar pressure (PP) curves with vertical

ground reaction force (F,) curves. The PP lines represent the sum of the
plantar pressure curves from 16 anatomical areas averaged from three
subjects (44 contacts per subjects). The F, curves are from the same
subjects and conditions. The correlation coefficients between the plantar
pressure and vertical ground reaction force curves are r>0.96 (redrawn
with modifications from Isolehto & Hofmann 1999).

6.2 Foot loading responses

As expected, the highest peak plantar pressures were obtained under the
medial heel, the first metatarsal and the big toe in both the normal (Figure 7)
and patient groups (Figure 22). The lowest pressures were in the midfoot area.
These findings are in agreement with the literature (e.g. Boulton et al. 1983,
Soames 1985, Rodgers 1985, Shorten et al. 1989, Zhu et al. 1991B, Hennig &
Milani 1993, Chang et al. 1994, Hennig et al. 1994, Perry et al. 1995, Zhu et al.
1995, Rosenbaum et al. 1996A, Wearing et al. 1999). In the triple jump, the
highest peak pressures were obtained under the heel and the forefoot areas
while the lowest pressures were found under the midfoot. The lateral forefoot
pressures (sensors 6, 9, 12) were also very high and were strongly related
(p<0.001) to the length of the triple jump (Figure 15). The strong relationship
between the lateral forefoot pressures and the length of the triple jump suggests
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that the BW rolls powerfully over the lateral side of the foot during the contact
phase. This may be related to the requirements for powerful force production
during the push-off phase and a minimal decrease in horizontal speed. The
peak plantar pressure values for both the heel and the lateral side of the forefoot
are similar, as reported by Nicol (1977).

6.3 Effect of walking speed

The present results of the normal population also support previous studies that
at fast walking speed the peak pressures increase in most areas of the sole of the
foot and at the same time the pressure under the lateral forefoot decreases
(Figure 7) (Shorten et al. 1989, Hughes et al. 1991, Rosenbaum et al. 1994,
Kernozek et al. 1996). In the present study, however, the peak plantar pressures
decreased at higher speeds also in the midfoot region and in the central part of
the forefoot. This change occurs primarily as a shift in pressure towards the
medial side of the foot, and it seems to be closely related to a more pronounced
pronation motion (Shorten et al. 1989, Rosenbaum et al. 1994). The medial shift
in plantar pressures has clinical relevance. The greater lateral pressures of
patients may be caused by a slower walking speed and not necessarily by leg
injuries. This emphasises the importance of controlling walking speed
accurately in these studies.

6.4 Foot loading symmetry

Increased walking speed has been found to increase foot loading asymmetry
(Rodano & Santambrogio 1989). This was not confirmed in the present study,
which showed that walking speed did not increase foot loading asymmetry in
the healthy subjects (Figure 7). The small asymmetries were located only under
the midfoot. However, the peak plantar pressures were much smaller under the
midfoot than in other regions of the foot. Therefore, the relatively large
differences in plantar pressures between the legs under the midfoot are caused
by the small magnitude of the peak pressures and the high variability of these
values. However, in the patient groups the foot loading asymmetry became
greater at fast walking speed. At fast walking speed, the contact time and the
double support phase decrease. The balance becomes more unstable than at
normal walking speed and therefore fast walking results in asymmetrical foot
loading patterns. The most common way to avoid loading on the affected or
shorter limb was the shortening of the stance period. In this manner, patients
can reduce the loading on the operated or shorter leg.
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6.4.1 Foot loading symmetry after reconstruction surgery for tibial fracture

The loading patterns after the free-flap reconstruction for severe tibial fracture
showed asymmetrical responses in every patient. Bilateral comparison showed
that the peak plantar pressures in the operated foot were lower under the
medial forefoot and under the big toe. On the other hand, the pressures in the
surgically treated foot were higher under the lateral forefoot, implying that the
loading has shifted more to the outer edge of the foot (Figure 9). Therefore, the
operated foot rolled more laterally during the stance period. This lateralisation
after severe injury has also been seen in previous studies. In a series of 40
successful surgical treatments of ankle fractures, Becker et al. (1995) found that
the forefoot loading of the treated leg was lateralised in the patients with good
operative results. Rosenbaum et al. (1996A) who also found a similar lateral
shift in the injured foot after calcaneal fractures confirmed the same findings
later. Lateralisation after severe tibial fractures supports the assumption that the
fibula is more loaded during walking.

Bilateral comparison showed considerable variation in the muscle activity
patterns after the free flap reconstruction for open tibial fractures among the
subjects, but the EMG recordings did not show clear differences between the
muscles when compared bilaterally. However, the low EMG activity of GL
matched the low plantar pressure under the forefoot during the push-off phase
(Figure 13). The differences in EMG activity among the subjects were not
related to the severity of the injury and their use to characterise the success of
the surgical treatment could not be evaluated on the basis of the present results.

The changes in the peak plantar pressure distribution under the forefoot
area and the shorter stance period on the operated side may be the result of
biomechanical compensatory mechanisms in the ankle joint. Lateralisation is a
possible way of reducing the load in the ankle joint and preventing
degenerative changes in the joint cartilage (Becker et al. 1995). In the vitro study
by Rosenbaum et al. (1996B), increased loading in the calcaneocuboid joint and
reduced loading in the talonavicular joint after simulated calcaneal fractures led
to higher lateral plantar pressure. This suggests that severe tibial fractures may
lead to similar loading changes in the calcaneocuboid and talonavicular joints
and further to different foot loading patterns in the operated foot. Finally, the
second experiment emphasises that despite the long adaptation periods after
surgery, patients failed to return completely to their normal foot loading
patterns.

6.4.2 Foot loading symmetry before corrective surgery for limb length
discrepancy

The present study showed clearly that moderate limb length discrepancy
results in asymmetrical foot loading patterns as compared to the healthy
subjects. Bilateral comparison revealed asymmetry both at normal and at fast
walking speed. The shorter limb also bore the weight for less time than the
longer limb before the corrective procedures. This is in accordance with the
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earlier literature (Delacerda & Wikoff 1982, D’Amico et al. 1985, Schuit et al.
1989, Kaufman et al. 1996, and Bhave et al. 1999). The peak plantar pressure was
higher in the push-off phase on the longer side than on the shorter side. The
difference increased at fast walking speed. Furthermore, the timing patterns of
the plantar pressure sensors showed that there was a difference in the plantar
pressure patterns of the limbs. In the shorter leg, both the heel rise and the
push-off occurred quite early. The COP curves (Figure 20) showed clearly that
the loading did not reach the forefoot and the big toe area under the shorter
limb. Thus, the foot loading pattern has shifted more to the forefoot and the big
toe in the longer limb to compensate for the walking disturbances caused by the
LLD. The high foot loading in the push-off phase and the high peak plantar
pressures under the big toe on the longer side implied that the toes play an
important role during the push-off phase on that side.

The symmetry index has been used widely to determine gait symmetry. In
the present study, bilateral comparison of the SI for the GRF parameters
showed some differences. However, much greater bilateral differences could be
seen in the mean SI for the peak plantar pressures. The SI values differed
considerably from zero in most of the pressure sensors under the foot during
walking. The asymmetry in the foot loading patterns increased at the higher
walking speeds. However, the SI equation has limitations. When a large
asymmetry is present, the average value does not correctly reflect the
performance of either limb. In addition, variables that have large values but
where the inter-limb differences are relatively small will tend to lower the SI
and thus an imply an increase in symmetry (Sadeghi et al. 2000). The large
standard deviation in the SI in this study, as compared with the small deviation
in a previous study in normal subjects (Herzog et al. 1989), implies that the SI
may not necessarily be an accurate method of assessing gait symmetry,
especially among patients.

A LLD greater than two centimetres causes asymmetrical gait patterns
greater than that observed in the normal population (Kaufman et al. 1996).
Furthermore, Liu et al. (1998) found a mean value for acceptable inequality of
2.33 cm (range, 2.12 - 2.54 cm). In the present study, a mean LLD value of over
2.5 cm resulted in asymmetrical gait (Figure 29). This confirms the assumption
that surgical operations to equalise LLD are valuable when the bilateral
difference of the limb length is more than two centimetres. However, the fact
that the range of LLD in the patients was quite narrow can be seen as a
limitation of the present study.
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FIGURE 29 The relationship between the SI of the contact time and the magnitude of
the LLD, preoperatively. The lines represent the 95% confidence limit (N
=21).

The EMG patterns were similar for most of the recorded muscles in the
bilateral comparison. However, the rectus femoris muscle (RF) muscle showed
greater activation in the shorter leg during the braking and push-off phases.
This may be connected with the pelvic obliquity caused by LLD, which is the
most common mechanism deployed to compensate for small degrees of LLD
(Walsh et al. 2000). The high muscle activity of RF on the shorter side may
prevent tilting the pelvis too much over the shorter leg during the stance
period. However, these differences in EMG activity among the subjects were
not related to their LLD and their use to characterise gait asymmetry could not
be evaluated reliably. It would be necessary to obtain data from a larger patient
group and more limb muscles to draw more definite general conclusions.

6.4.3 Foot loading symmetry after corrective surgery for limb length
discrepancy

Two different surgical procedures were used in this study to correct the LLD:
epiphyseodesis and intramedullary lengthening. The epiphyseodesis
procedure, which was intended to stop the growth of the longer femur, was
performed by two different methods: the percutaneous epiphyseodesis (Atar et
al. 1991) and the Phemister technique (Liotta et al. 1992). In the other patient
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group, the LLD would be treated by elongation of the shorter limb. In this
study, the closed intramedullary lengthening of the femur with a lengthening
device (Albizzia®) (Guichet et al. 1995) was used to correct the LLD. The mean
LLD had almost completely disappeared within 52 weeks postoperatively after
epiphyseodesis (before 2.5 + 0.8 cm, after 0.9 + 1.2 cm) and intramedullary
lengthening (before 3.0 + 1.1 cm, after 0.3 + 0.3 cm).

After one year, there was a clear improvement in gait symmetry when
compared to the preoperative condition in these patients. However, despite the
anatomical correction, there were still failures in functional performance one
year later. The difference in GRFs (F, and F)) between the limbs had almost
disappeared 52 weeks after epiphyseodesis (Figures 18 — 19). However, after
intramedullary lengthening F, and F, were slightly higher in the non-operated
limb. Bilateral symmetry in the plantar pressure patterns increased gradually
during the follow-up (Figures 20, 22 — 23). In spite of this, the outcome was not
complete because there were still asymmetrical loading patterns in the both
patient groups. These differences imply that to achieve the complete symmetry
a longer adaptation and rehabilitation period is required. However, the
improved walking symmetry obtained after surgical treatment in this study
may diminish possible pathological loading of the lower extremity and may
prevent the early appearance of arthritis in the lower extremities.

6.5 Neuromuscular performance

Before the corrective procedures of the LLD (experiment four) the knee extensor
muscles in the longer limb were stronger than those on the shorter side. Thus, it
is possible that the force generating capacity of the knee extensor muscles and
the loading of the same limb are interrelated. If the muscles are stronger this
would mean that the limb could also be ready to accept and tolerate greater
impact and push-off loads. This assumption is, however, speculative, but one
can also assume that in everyday life the longer side is more continuously
loaded than the shorter. Earlier studies (Kaufman et al. 1996, Bhave et al. 1999)
confirm this observation. Thus, greater use of the limb (and subsequently the
respective muscles) could imply a normal training effect, which could then be
seen both in the isometric force measurement and in the values of the braking
and push-off forces during gait.

As expected (e.g. Narici et al. 1989, Perhonen et al. 1992, Hakkinen 1994,
Oey et al. 1999), muscle strength decreased drastically during the first weeks
after the surgery (experiments five and six) (Figure 25). In a recent study Oey et
al. (1999) showed that muscle strength of the corrected limb was decreased in
the early phase of distraction during femoral lengthening but was recovered
before lengthening was ended. The present study showed clearly that the EMG
activity of the knee extensor muscle (VM) is considerably reduced during the
tirst postoperative weeks (Figure 26). However, this reduction was not
statistically significant, thereby confirming the earlier results of Perhonen et al.



68

(1992) and Oey et al. (1999). The decreased EMG activity was associated with a
similar reduction in force production. The intra- and extra-articular swelling
has been suggested to be one of the causes inhibiting muscle activation during
the early postoperative weeks (Kennedy et al. 1982, Perhonen et al. 1992). After
corrective surgery for LLD, swelling was present on the third week, but the
mechanisms that induce quadriceps inhibition after surgery remain unclear.

After 26 weeks, the recovery models changed considerably depending on
the operative technique used. In the epiphyseodesis group, there were no
differences between the operated and non-operated limbs. Furthermore, the
relatively fast increase in muscle strength during the follow-up may partly
explain the rapid recovery from surgery. In the intramedullary group, however,
the big differences between the sides continued to remain in the maximum
isometric torque of the knee extensor muscles one year after surgery (Figure 26).
To investigate how the muscle strength of the knee extensor muscles behaved
after nail removal, the strength measurements were repeated one year after this
procedure (two years postoperatively). These results showed that recovery
from the operation is a long-term process (Figure 26). In the intramedullary
group, it took two years to achieve bilateral symmetry. No special rehabilitation
program was administrated to the patients to except for conventional
physiotherapy. They participated in normal school gymnastics and other
related activities as soon as possible after the corrective surgery. However, this
was not sufficient to correct fully the functional deficiency within one year.

6.6 High magnitude loading responses

The triple jump is one of the most demanding sports, given the extremely high
impact forces with which athletes must cope while travelling at maximal
horizontal speed. In one words a jumper must be able to tolerate high impact
forces with a minimal decrease in horizontal speed. Therefore, the triple jump
experiment yielded vital information about the importance of man-shoe-surface
interaction in very high loading conditions. The results of the present study not
only confirm earlier findings (Ramey & Williams 1985, Jin 1989) that a triple
jumper must be able to tolerate very high GRFs but also contribute detailed and
important information about their force production, foot loading, and bone
loading patterns.

The highest peak plantar pressures were recorded under the heel, big toe
and the first metatarsal head during the step, and the largest GRFs were also
detected during the step. This confirms earlier findings where the highest
pressures were found during the hop and step (Nicol 1977, Milani & Hennig
1992). The foot pressures recorded were similar to those reported for another
high impact load sport, the javelin (Bartlett et al. 1995). As mentioned
previously lateral forefoot pressure was highly associated with the length of the
triple jump (Figure 15). Furthermore, maximal F, in the braking phase and
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maximal F  in the push-off phase are the best GRF predictors for the final
distance in the triple jump.

The EMG results suggest that the mechanical loading places high
demands on the neuromuscular system as characterised by a high rate of
activation in the preactivity phase followed by high eccentric activity by the leg
extensor muscles. In this study, this can be seen as the high braking activity of
the VL muscle as compared to its activity in the respective push-off phase,
especially in the jump phase (Figure 16).

High impact load training is effective for improving and maintaining
BMD. It provides a powerful osteogenetic stimulus for the loaded bones (e.g.
Kirchner et al. 1995, Nichols et al. 1995, Heinonen et al. 1996). In the present
study, the peak GRFs recorded were very high. It is quite likely that the bone
loading forces were also extremely high, as in the triple jump the F, consists of
an initial impact phase in which the force first rises rapidly to a maximum and
then declines rapidly to near zero. This suggests that by producing high strains
with high strain rates and peak forces in versatile movements, triple jumping
may produce very effective stresses on bones and thus initiate formation of a
strong bone structure. In general, the present study demonstrates that triple
jump training has a substantial influence on human bone. However, despite the
stronger muscles and bones of the triple jumpers compared to their controls,
only minor differences in the foot loading characteristics between groups were
observed during normal walking speed (III).

6.7 Perspectives

The results of this study indicated that foot loading behaviour is different in
normal and pathological gait and that walking speed affects foot loading
patterns. In this study, the measurements were performed only on the flat level.
However, we rarely walk on an even surface only, but several times per day
walk on the uneven ground or climb stairs. In order to describe how the foot
behaves in these more difficult walking conditions, further studies should focus
on walking downstairs and upstairs. Work on these important questions is
already in progress.
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PRIMARY FINDINGS AND CONCLUSIONS

The main findings and conclusion of the present study can be summarised as
follows:

D)

2)

3)

The test procedure for the Paromed-System® used in the present study
showed that it could be used with precision to examine the bilateral
symmetry of foot loading in normal and pathological gait without any
disturbance to the subject. However, in the triple jump experiment the
Paromed-System® was unable to record the true loading values
satisfactorily as the range of measurement of the pressure sensors under
the heel was frequently exceeded. Furthermore, the good fit between the
measured GRF and the GRF values calculated from the plantar pressure
measurements during walking served as a good indication of the validity
of the Paromed-System®.

The results obtained from normal walking performances support earlier
findings that GRFs increase with walking speed. In contrast, plantar
pressure behaved differently in this study. The peak plantar pressures
increased in most areas under the foot but decreased under the lateral
forefoot at the faster walking speeds. This medial shift has clinical
relevance because bilateral comparison showed that the pressures in the
surgically treated foot after free-flap reconstruction for tibial fracture were
higher under the lateral forefoot. This implies that the foot loading pattern
had shifted more to the outer edge of the sole. Therefore, walking speed
has to be defined carefully when patients and healthy controls are being
compared. The greater lateral forefoot pressure found in patients may be
caused by slower walking speed and may not necessarily be related to leg
injuries or other leg problems.

The highest peak plantar pressures were found under the medial heel, the
tirst metatarsal and the big toe in both the normal and patient groups. The
study showed that walking speed did not increase bilateral foot loading



4)

5)

6)
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asymmetry in the healthy subjects. However, the results obtained from the
patient groups showed that the patients with limb length discrepancy and
those who were recovering from tibial fracture had greater foot loading
asymmetries when compared to the healthy subjects. This foot loading
asymmetry became greater at fast walking speed and the most common
difference was that the contact time was shorter on the operated or shorter
side. In this way, the patients were able to reduce the loading on the
affected limb.

Bilateral comparison revealed that uncorrected limb length discrepancies
produce asymmetrical foot loading patterns at both normal and fast
walking speeds. However, the differences in EMGs between the limbs
were smaller than expected. The asymmetry was related to the LLD and
the surgical treatments were shown to be valuable when the discrepancy
is over 2.5 cm. There was clear enhancement of the foot loading symmetry
after the one-year follow-up. However, despite the anatomical correction,
failures in neuromusculoskeletal performance continued to remain.

The isometric torque of the knee extensor muscles decreased drastically
during the first weeks after surgery. After 26 weeks, there were no
differences between the operated and nonoperated limbs in the
epiphyseodesis group. However, in the intramedullary lengthening
group, there were still large differences in MVC between sides. In this
group, the time required to achieve perfect symmetry was two years.
Thus, recovery from intramedullary lengthening surgery is a long-term
process.

The results from the triple jump study showed that high lateral forefoot
pressure and maximal F, in the braking phase and maximal F_in the push-
off phase were significantly related to the length of the triple jump.
Furthermore, the high mechanical loading involved put great demands on
the neuromuscular system, especially in the preactivity phase of the leg
extensor muscles. In addition, these results confirm that high magnitude
loading plays an important role in improving and maintaining BMD.



YHTEENVETO

Perusteellinen kavely- ja kuormitusanalyysi on wusein tarpeellinen
jalkaongelmissa, jotta mahdollinen tukien ja ortoosien valinta sekd alaraajoihin
kohdistuvien leikkausten jalkeinen kuntoutus pystytdan suorittamaan parhaalla
mahdollisella tavalla. Kavelija tuottaa tukivaiheen aikana alustaan voimia
pysty- ja vaakasuunnassa, joita on perinteisesti mitattu voimalevyantureilla. Ne
eivat pysty kuitenkaan yksistdan erottelemaan kuormitusta jalkapohjan eri
osien valilla riittavan tasmallisesti. Kiinnostus selvittaa kuormitus tarkasti on
johtanut kehityksen alkeellisista jalkapohjan mustekuvista hyvin pieniin
kengan sisalle asetettaviin mittausantureihin.

Taman tutkimussarjan tarkoituksena oli selvittaa kavelyn biomekaniikkaa
eri potilasryhmilla ja terveilld verrokeilla. Kaikkiaan 70 koehenkiloa osallistui
viiteen poikkileikkaus- ja kahteen seurantatutkimukseen. Tutkimussarjassa
keskityttiin erityisesti jalkapohjan kuormituksen ja hermolihasjarjestelman
valiseen vuorovaikutukseen luonnollisissa kavelyolosuhteissa. Jalkapohjan eri
osille kohdistuvaa kuormitusta rekisteroitiin erillisilla kenkiin sijoitettavilla
painepohjallisilla. Telemetrinen mittaus mahdollisti tiedonkeruun aloittamisen
missa tahansa kavelyn aikana ja siksi mittaustilanteessa pystyttiin taltioimaan
useita perakkaisia askelkontakteja kummastakin jalasta eri kavelynopeuksilla.
Tutkimuksessa kaytetty paineenmittausjarjestelmalla (Paromed-System®)
saatua tietoa taydennettiin muilla hermolihasjarjestelman toimintaa ja
liikkumiskykya kuvaavilla tutkimusmenetelmilld kuten elektromyografialla
(EMG) ja voimalevyantureilla. Saatu aineisto kasiteltiin BMVM -jarjestelmalla
(Biomechnical Visualisation and Modelling), joka on Jyvaskylan yliopiston
litkkuntabiologian laitoksella kehitetty tutkimuksissa syntyvan tiedon keruu- ja
analyysijarjestelma. Jarjestelman avulla pystytaan tulosten matemaattisen
laskennan lisaksi toistamaan rekisteroidyt ilmiot animaationa, joka lisaa
kavelyn mekanismien ymmarrysta. Liikesuorituksen visualisoinnissa
yhdistettiin useita eri biosignaaleja (painepohjalliset, EMG, voimalevyanturit
jne.). Kavelyanalyysien lisaksi mitattiin polven isometrinen ojennusvoima
voimadynamometrilla ja alaraajojen luuntiheys (BMD) kaksienergisella
rontgenabsorbtiolla (DXA).

Tutkimuksessa kaytetty jalkapohjan kuormitukseen mittaamiseen
tarkoitettu laitteisto osoittautui erittain luotettavaksi kavelyn tutkimisessa.
Suurimmat jalkapohjan paineet kohdistuivat kantapaan ja pakian alle seka
terveilld koehenkiloilld etta eri potilasryhmilla. Terveilla koehenkiloilla kavely
oli hyvin symmetrista eri kavelynopeuksilla ja jalkapohjan kuormitus siirtyi
enemman pakidan ulkoreunalle kavelynopeuden kasvaessa. Terveiden
koehenkiloiden tulokset olivat jokseenkin yhtenevia tamanhetkisen
paineenjakaantumisesta koskevan kasityksen kanssa. Potilasryhmat erosivat
selvasti terveiden koehenkildiden jalkapohjan kuormitus- ja alaraajalihasten
aktivaatiomalleista. Vaikeat sdarimurtumat ja laajat sddren pehmytkudos-
vammat  korjataan  nykyisin = mikrokirurgisella  leikkaustekniikalla.
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ulkoreunalle. Kavelynopeus onkin aina vakioitava kliinisissa tutkimuksissa
erilaisten kuormitusmallien vuoksi.

Hoitamattoman alaraajan pituuseron todettiin tassa tutkimuksessa
johtavan epasymmetriseen kavelyyn ja se voi olla myos syyna esim. selan
kiputiloihin ja alaraajojen isojen nivelten ennenaikaiseen nivelrikkoon. Ennen
alaraajaan  kohdistuvaa korjausleikkausta kuormituksen jakautuminen
jalkapohjassa ja alaraajalihasten aktivaatiomallit poikkesivat olennaisesti
jalkojen  wvalilla  kaikilla ~ koehenkiloilld. =~ Alaraajojen  pituuserojen
korjausleikkaukset (epifysiodeesi ja intramedullaari pidennys) paransivat
huomattavasti ennen leikkausta todettua epasymmetrista kavelya. Molemmissa
leikkausryhmissa isometrinen polven ojennusvoima pieneni merkitsevasti
leikatussa raajassa valittomasti leikkauksen jalkeen. Jalkojen valinen puoliero
havisi vuoden seurannan aikana epifysiodeesiryhmassa, mutta intramedullari
pidennysryhman potilailla oli vield havaittavissa eroja jalkojen voimissa vuosi
leikkauksen jalkeen. Jalkoihin kohdistuvat korjausleikkaukset vaativatkin
tehokkaan ja pitkallisen kuntoutuksen.

Yhdessa osatutkimuksessa kaytettiin kansallisen tason kolmiloikkaajia,
joiden jalkapohjaan kohdistuvia paineita mitattiin kavelyn lisaksi myos
kolmiloikkasuorituksen aikana. Kolmiloikan katsotaan edustavan yleisesti
aarimmaista jalkojen luihin ja lihaksiin kohdistuvaa kuormitusta. Naissa
mittauksissa saatiin erittdin suuria kuormitusarvoja, joita voidaan kayttaa
viitearvoina muihin ryhmiin nahden. Erityisen mielenkiintoinen oli tulos, jonka
mukaan hyppadjien alaraajojen luun tiheys oli huomattavasti suurempi kuin
muiden vertailuryhmien.
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