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Abstract

The aims of the thesis are to quantify the loads imposed on the spine by plyometric
exercises entailing impact landings (bounding and drop jumping), training procedures
used by athletes seeking to develop muscular power. Preventative methods prescribed
to alleviate spinal loading and a warm-up routine were also assessed by recording small
changes in stature (shrinkage). Spinal shrinkage for a drop jumping regimen was
compared against biomechanical and electromyographical (EMG) data.

A five-link segment, dynamic, two-dimensional, biomechanical model estimated L5/S1
normal compression and shear forces during drop jump landing. Data from cine-film
(100 Hz) and force platform were used to drive the model. Electromyography
determined the activity of three trunk muscles - erector spinae, external obliques and
rectus abdominis.

The fully automated, computer-linked stadiometer proved sensitive to spinal loading
during bounding and drop jumping activities. Short duration (6 min) bounding and
drop jumping regimens caused rapid stature loss, 1.85 and 1.74 mm respectively. Pre-
exercise gravity inversion unloaded the spine and increased stature (2.7 mm). This was
quickly lost during a subsequent bounding regimen (3.5 mm), exceeding the shrinkage
following standing (1.7 mm, p<0.05). Post-exercise spinal unloading quickly restored
stature lost during exercise. A 10 min warm-up routine caused shrinkage (0.89 mm),
but this was not different from standing (p>0.05).

A 0.75 m drop jump regimen caused greater shrinkage than the 0.3 m regimen, 1.82
mm and 1.42 mm respectively. During the first land, the higher drop height resulted
in a 29% increase in the cumulative spinal compressive load (p<0.01). Forefoot and
heel impact produced large peak forces with short rise-times, a 78% greater mean
peak occurring on landing from 0.75 m when compared with 0.3 m (p<0.01). A
second, but more gradual rise in compressive force occurred as a result of trunk
flexion, mean peak forces of 4927 and 5258 N being recorded for the 0.75 and 0.3
m drop lands, respectively (p<0.05). Erector spinac muscle activity predominated
and normalized peak values were higher when 0.75 m drop lands were compared

with 0.3 m drop lands (p<0.01).

During drop jumping, athletes must seek to cushion impact forces on landing and
control trunk flexion. Increasing drop height increases spinal loading and training
programmes should be structured to attenuate the resulting load elevation;

alternatively, other training techniques should be sought. Effects from unloading the
spine prior to exercise are short-lived and would be of greater benefit when interspersed

throughout the training period.
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- INTRODUCTION

ack pain is a problem of epidemic proportions which represents one
f the major diseases of the musculoskeletal system. It is
stimated that 50 to 80% of the population will at some time suffer
rom this complaint (White and Gordon, 1982). The consequences of
he disease to industry have been substantial, responsible for an
stimated 12% of all the reported incapacities in 1989 (Tye and
rown, 1990). It has been estimated that it is presently costing
ndustry some 1,018 million pounds each year and the Health Service
ome 156 million pounds per year (Tye and Brown, 1990). Statistics
uggest that the disease is still on the increase, a 40% rise being
eported in the number of man-days lost since 1983 (Tye and Brown,
990). Treatment of the disease is made increasingly more

omplicated due to its multifactorial aetiology and the problems of

redicting potential sufferers.

lthough, low back pain (LBP) has often been referred to as
idiopathic', as 1in many instances its cause is unknown or
ndeterminate, sufficlent evidence exists to associate its aetiology
ith a number of mechanical parameters. Andersson (1881), in a
eview of epidemiological data collected over a period of 30 years,

rew clear links between LBP symptoms causing work absenteeism and

ixX vocational factors. The common characteristic inherent to each

as the mechanical load placed on the spine. Based on this

riterion, many high risk occupations have been identified and

rgonomic steps taken with the aim of prevention.

he extent to which sports participation may contribute towards back
njuries is less well documented. The limited work does suggest '
hat LBP is a major complaint of sportsmen, is common to a number of
ports and causes a large number of performers to withdraw from
urther participation (Alexander, 1985). Brigham and Schafer (1988)

eported that an estimated 5 to 10% of all athletic injuriles are

umbar spine related.

pidemiological surveys of the pathogenesls of sport-related
njuries have often classified risk factors 1into two categories:-

«trinsic and intrinsic. Extrinsic factors are related to the type



Of sporting activity, the manner in which the sport 1s performed and

the environmental conditions. Intrinsic factors are associated with

former and to be directly related to repetitive or exceedingly
forceful trauma (Brigham and Schafer, 1988). The magnitude,
direction and point of force application are the most important
predeterminates of the type of injury sustained by the lumbar spine
(Alexander, 1985). Landing on the feet at high velocity has been
closely linked with lumbar spinal injuries (Williams, 1980).

In recent years, the development of new training techniques has been
felt to contribute significantly to the advancement in athletic
performance (Clutch et al., 1983). The possible damaging effects of
prolonged or forceful exercise are often neglected. Therefore, it
1s 1mportant that any innovations in the development of new training

protocols be fully assessed in terms of their potential to induce

injury.

A relatively new training techniques, known as drop jumping or depth
jumping, was first reported by Verhoshanski (1967). Drop jumping
exercises, which involve subjects performing a vertical jump on
landing from a raised platform, were performed by Russian athletes

to improve their muscular power. These, along with other forms of

exercises such as single response jumps (repeated jumps with

pauses ), bounding sequeﬁces (a number of consecutive jumps over flat
ground)zand box drills (a series of bounding and drop jumps), all

seek to improve muscle function through a rapid muscle stretch-

shortening cycle. Collectively, these activities have been termed

'Plyometric' exercises.

The implementation of such drills in the training of anaerobic
muscular power has grown considerably. Studies have investigated
the possible benefits to performance (Scoles, 1978; Blattner and
Noble 1979; Clutch et al., 1983), for which there is conflicting
evidence. Few have attempted to examine their potential damaging

effects and none has sought to question the stresses placed on the



back. If such a question is to be addressed then it is necessary to
provide estimates of the mechanical forces and loads the spine must

contend with.

In occupational settings, ergonomists have provided the basic
approach towards identifying potentially hazardous working
conditions. An ergonomics approach seeks to study the worker in his
environment with a view to improving safety, comfort and efficiency.
In endeavouring to achieve these objectives, the ergonomist must
first recognise the working capacity of the employee and the
physical demands placed upon him. 1In terms of back related
injuries, the latter has received the most attention, with emphasis
placed upon measuring the loads on the spine in-vivo .

Consequently, attention has focused around the development of -

effective and reliable measuring procedures.

Biomechanical modelling is at the forefront of these techniques,
utilising the laws of physics and principles of engineering to
describe motion and the forces acting on the human body. It

provides an alternative technique to physical testing which could be

destructive or potentially injurious to an individual (Miller,

1979).

Nachemson (1960) pibneered the use of intra-discal pressure
measurements as a means of estimating in-vivo loads in the
intervertebral discs. A pressure sensitive needle inserted into the
disé recorded changes in pressure due to alterations in posture.
Ethical and technical problems have limited the application of this
technique, though Nachemson (1981) has shown with certainty that
specific postures are more taxing for the spine than others. It

remains inapplicable to assessment of spinal loading in-vivo under

normal dynamic conditions.

Intra-abdominal pressure and measured muscle activity
(electromyography) have been implemented as indirect means of
estimating spinal loading. Whether either measure can be used as a
reliable spinal load indicator is questionable. A solutilon was
proposed by Fitzgerald (1972): the measurement of changes in heilght

of the vertebral column. This phenomenon is associated with the



loss of disc height under static and dynamic loading (Kazarian,
1972; 1975). But the method of measurement now used was not
developed until recently (Eklund, 1986; Corlett et al.; 1978). The
technique is still in 1its infancy and requires considerable work to

establish it as a reliable and effective procedure, not only to

study loading activities, but also as a possible screening procedure

for back pain sufferers.
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2. AIMS AND OBJECTIVES

This thesis adopts an ergonomic approach to estimate the loads

placed in-vivo on the spine during plyometric activities. It will

ailm to:-

i) Develop and assess the reliability of the technique used to

measure small changes in stature as an index of spinal loading

ii) Assess the spine's responses to certain plyometric activities
and estimate the musculoskeletal forces generated about the

lower back during landing from drop jumping.

Fulfilment of these aims will enhance an understanding of the
potential for back injury during plyometric activities. As a
result, constructive preventative guidelines or precautions which

may be beneficial can be proposed.

These aims will be fulfilled by the following objectives :-

1. Further develop and update a stadiometer for measuring small

changes in stature in order to improve the accuracy and

reliability of the technique.

2. Apply this procedure to monitor spinal loading and unloading

during bouts of physical activity incorporating plyometric

routines.

3. Evaluate preventative procedures to minimise the likelihood of

back injury by comparing rates of stature alteration.

4. Develop a biomechanical model to estimate the musculoskeletal

forces about the lower back during landing from drop jumps.

5. In conjunction with point 4, undertake an electromyographical
(EMG) analysis of trunk muscles and épinal shrinkage during
drop jump landing in order to draw comparisons between

techniques.



6. Based upon points 4 and 5, make recommendations to minimise the
possibility of incurring back injury during the impact landing

phase of drop jumping.

Hence, the project is concerned with validating the measurement of
changes in stature as a reliable method to estimate mechanical loads
on the spine. Attempts will be made to calculate the mechanical
forces on the spine from which potentially hazardous activities can

be identified. By doing so, the work will appraise ergonomically an

aspect of plyometric training.
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3.1 INTRODUCTION

The literature review will first attempt to identify the extent to which
LBP afflicts members of the ﬁopulation. Reference will be made to the
epidemiology of LBP and risk factors associated with the symptoms. This
is not intended to be a comprehensive review; nevertheless, it will
allow incidence rates to be compared with those resulting from sports

participation. Following a review of sport-related back pain, a section

will be devoted to i1dentifying the possible mechanical causes and sites

of back injury.

The project will attempt to determine the spinal loads imposed during
plyometric activitiles, particularly during their impact landing phase.
In order to undertake an ergonomic appraisal, it is important that a
discussion is given to the principles underlying plyometrics and how
they are implemented as a training stimulus. The review will conclude
by investigating the effects of mechanical loads on the spine and

examine the Iin-vivo measurement techniques used to study these loads.
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3.2 LOW BACK PAIN

3.2.1 Incidence and Prevalence

Epldemiological documentation suggests that disorders of the low back
are a problem of considerable magnitude afflicting a large proportion of
the population at some time. It has been estimated that 50% to 80% of
adults in Western countries will at some time experience an incidence of

LBP, approximately half of those going on to encounter further episodes,

and about a quarter of this total going on to consult their doctor
(White & Gordon, 1982).

Questionnaires, insurance data, personnel interviews and attendances at
general practitioners have all been techniqﬁes employed to establish the
prevalence of LBP within the general population. Bliering-Sgrensen
(1983) carried out an extensive:study of 82% (489 males and 479 females)
of all inhabitants aged 30, 40, 50 and 60 yvears old from a municipal
suburb of Copenhagen, Denmark. Questionnaires and objective
measurements were utilised to examine the prevalance of lower back
disorders. Men showed a constant life time prevalence rate of between
68% and 70% across the age groups studied, whereas the value for women
increased from 62% to 81% with increasing age. A follow-up
questionnaire was administered a year later and completed by 99% of
those initially studied. During the intervening period, 11% of the 30

Year old sample population suffered LBP symptoms for the first time.

This value decreased with age.

Valkenburg and Hanen (1982) also utilised questionnaire methods but in

addition implemented standardised physical examinations. A study

population of 6584 men and women (3091 males and 3493 females), aged 20
vears and above, and from two districts (one urban and one rural
district, Zoertermeer) showed LBP incidence rates of 51% and 57%, for
males and females respectively. Twenty two per cent of males and 30% of

females were found to have LBP at the time of examlination.

Swedish National Health Insurance data, along with personal interviews,

formed the basis upon which Svensson and Andersson (1982) conducted
their study. A random sample of 940 men (40 to 47 years old) were

contacted and personally interviewed, for which a LBP incidence and
prevalence rate of 61% and 31%, respectively, was found. The study

reported that 27% of participants who had been interviewed and not

11



reported ever having LBP were 1in fact found to have been absent due to

the illness. This highlights one of the difficulties of trying to

obtain reliable statistical data from such sources.

Data gathering from general practitioners has been an alternative methogd
by which inferences have been gained as to the scale of back pain within
a community. In Great Britain approximately 2 million adults per year
visit their general practitioners with back pain and a total of about
3.4 mlllion consultations are made per year because of back pain (Wood
and Badley, 1980). Frymoyer et al. (1980) gathered information from the
records of 3,920 patients (2,068 females, 1,852 males between 18 and 55
years o0ld) entering a university-sponsored family practice in Vermont
(U.S.A.) between 1975 and 1978. During this period, 11% of males and
9.5% of females visiting the practice had LBP symptoms. 1In 1958, Ward
et al. (1958) reported on the number of LBP consultations at a general
practice in the North Midlands (U.K.) with an estimated total population
of 45,000. Low-back pain per 1,000 patients was 22.8 for males and 15.3

for females.

Whether attendances at general practitioners can provide a reliable
estimate of back pain sufferers is questionable for these must be
governed by the social and economic make up, and general ethos within
the community in which the practice is based. Burton (1981) reported

that one out of three patients with back pain and treated by a

registered osteopath was not seen by a doctor.

It would seem that most of the reported epidemiological data 1is derived
from occupationaliy related data. Some stem from national data which
gives a discrete picture of prevalence in the population, including
point prevalence (frequency of reported disorders at a specific period

in time). However, none would appear to distinguish between

occupationally related LBP and LBP from other causes.

The siﬁe of the problem, the demands placed upon the health services and
the economic burden created by the LBP syndrome have led many

researchers to identify possible risk factors.

12




3.2.2 Risk Factors

The epidemiology of LBP in industry has been well documented and many of
the high risks associated with certain occupations are known.
Industries identified as having a high work-handicap from back pain
include coal and steel mining, dock work, nursing and driving
(Andersson, 1981; Daniel et al., 1980; Blow and Jackson, 1971; Videman
et al., 1984; Troup, 1978). Andersson (1981), in a review of the
epidemiological aspects of LBP in industry collated over a period of 30
years, noted six vocational factors associated with low-back symptoms:
physically heavy work, static work postures, frequent bending and
twisting, lifting and forceful movements, repetitive work and
vibrations. An increase in the load on the spine was suggested to be

the common component linking each of these activities.

The extent to which heavy physical work is related to LBP symptoms is
uncertain. Dales et al. (1986) stated that the differences in incidence
rates between 'heavy' and 'light' occupations are only marginal,
whereas, Troup and Edwards (1985) suggested that it is generally true
that in most countries the heavier the work the more likely 1t 1s that
back problems will prevail. Rowe (1969), in his ten year study of
workers at a Kodak plant in New York, classified two groups of workers
as heavy handlers and sedentary. He noted that 47% of the former group

and 35% of the latter made visits to the medical department on the

grounds of LBP complaints.

svensson and Andersson (1983) identified a strong correlation between
heavy physical work and the occurrence of LBP. Thils was not
substantiated by Valkenburg and Haanen (1982) who found no trend with
respect to prevalence of LBP and increasing job physical activity when
jobs were classified as light, moderate and heavy.: Unfortunately, they
provide no description of the methods they used to distinguish between
categories. As with many of these studies, information is often derived
direct from the employee. This may produce misleading and often variled
responses depending on the person’'s perception of the physical work.
Task analysis provides a procedure by which to overcome SoOme of these
problems, quantifying spinal loading and facilitating comparisons

between different working groups.

13



Kelsey (1975) studied the relationship between OoCcCupations and a

specific LBP disease, acute prolapsed intervertebral disc. An increased

risk of a prolapsed disc was reported for persons who had been employed
in a sedentary occupation for several years. It was suggested (Kelsey
and White, 1980) that this association may eXplain why some studies have

falled to find differences in LBP incidence rates between differing

occupations, as they have tended to consider the epidemiology of LBP in

general rather than specific terms.

Incidences of disc protrusions amongst miners led Dales et al. (1986) to
conclude that strength and physical fitness may have a protective role
against back injury. They reported that a significantly lower
proportion of miners attended a hospital with symptoms relating to disc
protrusion than men from other occupations. It was found that- this
difference was more pronounced when consideration was given solely to
those men admitted with the diagnosis, or those requiring discectomy.
They proposed that the heavy manual work associated with mining may in
some way protect the annulus fibrosus of the intervertebral disc from
serious failure and posterior protrusion, or conversely, light work may

cause a risk of disruption of the annulus.

Frymoyer et al. (1980), in their retrospective examination of patients’
general practice records, assessed several occupational risk factors and
identified lifting as the predominant factor responsible for 23% of the
LBP symptoms. Truck driving, carrying, pulling, pushing, twisting and
non-driving vibrational exposure were all found to significantly
correlate with LBP. Svensson and Andersson (1983) also reported a
significant correlation between occupations with high involvement 1in
lifting and LBP. Also correlated with LBP were monotonous work,
sitting, and work involving more walking and standing. In a study by
Biering-sgrensen (1983), 37% and 24% of male and female LBP subjects,
respectively, stated that heavy lifting was the causative factor

responsible for their symptoms. Eighteen percent of men and 13% of

women placed the cause on twisting movements.

More recent epidemiological findings (Riihimdki et al., 1989; Videman et

al., 1990) would seem to support the view that heavy and light physical
work carry similar risks of incurring back injury. Riihimdkl et al.

(1989) found that carpenters (dynamic physical work) had no excess risk

14



Of low-back pain symptoms when compared with office employees (sedentary
work). Videman et al. (1990) proposed a 'J-shaped' phenomenon where

fewer pathological changes to the lumbar spine occur when physical

loading falls between the extremes of heavy and sedentary work.

It 1s clear that many vocational factors may be regarded as high-risk in
terms of their potential to cause discomfort to the lower back; however,
the extent to which each contributes to the problem is uncertain. This

may be because a majority of LBP cases share a gradual onset and that

many occupations, either sedentary or heavy, encompass more than one of

the ldentified vocational risk factors. A similar confusing picture

emerges when one considers individual risk factors such as age, sex,

anthropometric measures, strength and fitness.

From those studies which have quoted incidence and prevalence rates for
LBP (section 3.2.1), it would appear that the men are as likely to
contract the disease as women. Andersson (1981) stated that sex factors
seem to be without importance when considering the likelihood of LBP
symptoms. However, Krdmer (1981) reported that the lumbar syndrome,
described as symptoms and signs originating from degenerative changes in
the lumbar discs, 1s more frequent in men than in women. The reason
proposed was that men are involved 1n more activities of a stressful
nature. He also bellieved an unknown 'specles specific' factor may be at

fault, such as a narrower lumbar canal in men.

In terms of age, Krimer (1981) stated that lumbar symptoms generally
develop between 25 and 30 years old and reach a maximum at the age of 40
vears in men and 50 years in women. Andersson (1981) reported that
between the ages of 35 and 55 years the frequency of LBP symptoms
reaches a maximum, whereas with increasing age, sickness absence and

duration of symptoms increase. Biering-Sgrensen's (1983) study of 30,

40, 50 and 60 year olds did show an increase in the lifetime prevalence

of LBP with age for women (62% increasing to 81%), but for men the value

remained almost constant (68% to 70%) for the age groups studied. Acute

LBP is felt to be most common around the age of 25 years, but 1in 90% of
cases it has often subsided within 2 months (White and Gordon, 1982).
witt et al. (1984), in a study of roentgenograms from the lumbar spine

of 238 patients (above 20 years) with LBP, as compared with those from
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66 patients without LBP, found in all subjects an increase in the

incidence of spondylosis and disc degeneration with increasing age.

There exists no strong correlation between height, weight and body

build, and LBP (Andersson, 1981). However, some studies have revealed a

1205 matched controls. Men with a height of 180 cm or more and women
with a height of 170 cm or more showed a relative risk of 2.3 (95%
confidence limits, 1.4 - 3.9) and 3.7 (95% confidence limits, 1.6 -
8.6), respectively, when compared with those who were 10 cm shorter.
Body mass index (weight/height) was shown to be an independent risk
factor for the likelihood of a herniated lumbar disc in men but not

women. For both sexes, skinfold thickness at the triceps site had no

predictive significance.

The size of the vertebral canal has been implicated in some cases of LBP
resulting from neurogenic claudication and disc symptoms (Porter et al.,
1978; 1980). A study, utilising ultrasound to measure the spine of 204
miners showed that the men who héd the longest histories, taken the
longest time off work, and had left the coalface or industry because of:
back pain, had significantly narrower canals than their co-workers
(MacDonald et al., 1984). Over a three year period 1t was shown that

10% of 50 year old miners with the narrowest canals were responsible for

32.5% of sickness absence due to back pain.

Strength has been shown to be a risk factor for both spells and severity
rates of back pain absence (Chaffin and Park, 1973). It has principally
been assessed in terms of isometric strength relative to job demands.
chaffin and Park (1973) showed that workers have approximately a three
times greater risk of back injury if their isometric strength capability
is less than the maximum lifting strength required by the job. They
defined a maximum lift strength ratio (LSR) of a job as the maximum load
to be lifted divided by the predicted maximum lifting strength of a
strong male worker (the strongest 2.5% of men) in the same lifting
position. It was found that LSR values of 0.2 or more increased

incidences of LBP. The difficulties of relating isometric strength

16



meéasures to specific job strength requirements make assessment of

possible correlations difficult.

Further support for the beneficial effects of back strength were
provided by Karvonen et al. (1980) and Biering-Sgrensen (1984). Both

found an inverse relationship between back muscle strength and LBP
symptoms.

There is some evidence to suggest that physical fitness and muscular
conditioning have a protective role against back injuries. Cady et al.
(1979) evaluated the physical fitness of 1652 firefighters in California
using measures of endurance capacity, isometric strength tests, spinal
mobility, diastolic blood pressure during exercise at a heart rate of
160 beats/min, and heart rate récovery after exercise. The subject
population was divided into three groups:- least fit, medium fit, and
most fit - and the respective back injury rates were 7.1%, 3.2% and
0.8%. It was shown, however, that the most fit group suffered the most

severe injuries, suggesting that this group may well have had a higher

tolerance for minor injuries.

Work on cadaveric lumbar spines by Porter et al. (1989) would seem to
support the view that physical activity could strengthen the spinal
structures. Mechanical tests were conducted on 9 lumbar spines and the
results compared with the men's occupational and recreational histories.
For eight of the subjects aged 18 and over, the compressive strength of

the spines tended to increase with an increase 1n estimated level of

physical activity in life.

The potential benefits gained by leisure and sports participation was
not identified by Videman et al. (1984, 1990). They found no

relationship between these activities and reduced back pain symptoms.

Although a lack of strength and physical activity may be regarded as LBP
risk factors, Kelsey (1975) found that participation in some sports
(baseball, golf and bowling) may increase the risk of developing
prolapsed lumbar discs. Thus there is a need to establish the
prominence of back problems associated with sports participation, the

sports most commonly linked with the injury, and the underlyilng causes
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Of these injuries, so that steps may be taken to reduce the likelihood

of incurring injury.

3.2.3 Sggrt Injuries

The extent to which sport and exercise contribute towards the scale of
back problems is far from well documented. The limited work suggests
that low back problems are a common ailment amongst athletes and that
certain activities are more likely to induce injury. A retrospective
analysis of 3,920 patients (2,068 females, 1,852 males) attending a
family practice between 1975 and 1978 showed that 4.1% of males and 3. 7%
Of females with LBP attributed the cause to sport (Frymoyer et al.,

1980). These values were similar to those attributing LBP to an

automoblile accident (4.1% and 5.3% for males and females,

respectively).

Williams (1980) reported that each year in the United Kingdom there are
some two million sport-related injuries of which 15% are spinal. Aan
estimated 5 to 10% of those athletic injuries are believed to be purely

lumbar spinal in origin (Brigham and Schafer, 1988).

Rowell and Rees-Jones (1988) directly compared the sports injuries at an
Accident and Emergency Department (A & E) and a Sports Injury Clinic
(SIC), in the same geographical area and over the same 12 month period.
A total of 2,490 and 340 injuries were treated at the A & E department
and the SIC, respectively. Spinal injuries accounted for 2.9% at the

A & E department and 13.5% at the SIC, the difference being significant.
This was suggested to stem from the nature of the majority of sport-

- related back injufies, which are chronic disc or muscular injuries and
not acute in nature. Whether it is reasonable to make a direct

comparison between these two sets of data is questionable given the time

lapse between injury and appearance, and the severity of injury likely

to be reported at each clinic.

cannon and James (1984) undertook a retrospective study of the number of
people attending a Middlesex athletic clinic due to back complaints.
Over a period of four years, 197 patients, 6.8% of the total which
attended, were seen with this complaint, of which 83% were male. The
age range of these athletes was between 13 and 53 years, of which 65%

were below the age of 30 years. The majority of patients (38%) were
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diagnosed to have mechanical back pain which was defined as pain that
was episodic and cyclic, radiating to the buttocks and upper thigh, and
Ooften associated with morning stiffness and pain. Acute incidences

could be related to the mode of onset in 85 cases (43%), but the

majority of cases gave a history of chronic or non-specific mode of
onset. A total of 72% of the patients associated the pain with six
popular sports:- soccer (18%), rugby (16%), track and field athletics
(15%), squash (8%), hockey (8%) and cricket (7%). It is likely that
these figures are more a reflection of popular sports within this

community rather than of the risk inherent in the respective sports.

Smith (1977) reported that the Canadian medical staff at the 1976
Olympic Games found LBP to be a common problem amongst their highly
trained athletes. It was also stated that the problem usually  developed
during training as a result of a neglect of certain anatomical areas.
The abdominal region, particularly the abdominal muscles, was

highlighted as one of these principal areas.

Billings et al. (1977) studied 87 men and 13 women who had been referred
to a sports clinic with LBP complaints directly related to a sports
activity. Fifty-two percent of the cases reported their injury took
place while competing, while 37% reported the injury to be a direct
result of training, weight training being the most frequent cause. At
the time of injury the most common body action was rotation and combined
rotation-flexion movements of the spilne. Diagnosis following a full

assessment suggested that 39% of the cases were due to intervertebral
disc problems and 18% due to spondylolysis (defect or fracture of the
pars interarticularis of the neural arch of a vertebra). The LBP had
had a significant impact on the patients' lives: 65% had lost time from

work/study (mean 11 days) and 39% eventually found that they had to

partially or completely give up their sports activities.

williams (1980) suggested that it is possible to associate injuries at
different spinal levels with a number of sports. Gliding, parachuting
and mountaineering, where landing on the feet at high velocity 1is a
common feature of the sport, were implicated with injuries to the lumbar
spine. Steinberg (1988), in an assessment of injuries to Dutch sport
parachutists reported that 82% of all accildents among novices occurred

during landing. Although, 11.6% of all the injuries were accountable to
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the pelvis and spine, the authors did not state the exact nature of
these injuries. Similar findings were obtained by Ellitsgaard (1987)
who studied parachuting injuries from 110,000 sports jumps carried out
in Denmark. Landing was responsible in 83.8% of the injury cases and
Spinal injuries accounted for 10.2% of all the injuries, 7.9% being

ldentified as some form of fracture.

Alexander (1985), in a review of athletic lumbar spine injuries,
reported that sports which commonly incur LBP include gymnastics,
welghtlifting and American football. The most common types of injuries
were muscle strains, ligament sprains, lumbar vertebral fractures, disc
injuries and neural arch fractures, with the latter being the most
serious. McCarroll et al. (1986) followed 145 new recruited American
college football players for a period of 5 years. A higher than average
incidence of lumbar spondylolysis and spondylolisthesis was found, 15.2%

as compared with approximately 6% in the general population.

A four times higher than average incidence of spondylolysis was reported
by Jackson et al. (1976) in female gymnasts. Kotani et al. (1971)
found that 30.7% of a weight-lifting group had developed spondylolysis
after 4 to 5 years of weight-training activities. Twenty four out of

the 26 weight-lifters (92%) had experienced an episode of LBP. 1In a
study of 25 weight-lifters and 25 track and field athletes who used

welight-training exercises as a major part of their training, 40% and 48%

reported incidences of LBP, respectively (Aggrawal et al., 1979).

In addition to those sports already mentioned, back pain would appear to
be common amongst runners (Zamzow and Feigel, 1982). Blair et al.
(1987) used two clinical examinations to compare 2102 runners and 724
non-runners. A follow-up, mail questionnaire was completed after a '
period of approximately 4 years. Over this period back injury rates per
1000 person-years were 13.8 and 7.3, for runners and non-runners,
respectively. Lysholm and Wiklander (1987) followed 60 runners (19
sprinters, 13 middle-distance and 28 long-distance runners) over a one

vear period. Two-thirds of the runners sustained at least one injury

which varied depending on the type of runner. Middle-distance athletes

reported the highest incidences of hip and back injury.
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Active physical exercise has been linked with back problems in the
young. Haapanen et al. (1985) reported on seven cases of anterior
intervertebral disc herniation in children (mean age 12.75 years) active
in sport. Kono et al. (1975) divided 1233 schoolboys into a sports
group (891 boys) and non-sports group (342 boys) and a radiological

survey revealed that spondylolysis was 3.4 times as frequent in the

sports group.

Clearly, the epidemiological data concerning sport related LBP are

limited and often subject to criticism. 1In many instances they fail to
quantify the physical loading or seek to evaluate the mechanisms
underlying injury. Activities within the training regimens, as opposed
to the actual sport, may themselves present the risk factor. For
example, weight training exercises are often undertaken by the majority

of sports participants. Future epidemiological studies must seek to

address these issues.

3.2.4 The Site and Mechanism of Pain
The aetiology of back pain is multifactorial and more often than not the
causative factors are interactive (Troup, 1984). Troup (1981) suggested

that injuries to the spine may be classified into three broad

categories:

(i) injuries that affect non-bony tissue and the spine remains

stable;

(ii) injuries that cause the spine to be unstable and put the spinal

cord or nerve roots at risk;

(iii) injuries of the spinal column that cause gross neurological

damage and imminent deformity.

Those belonging to the first group are the most common cause of back

pain.

Although sport has been implicated as a risk factor in LBP, it must be
realised that injury occurs as a result of a mechanism inherent to the
activity, not as a result of the sport itself. Sport does not produce

injuries, but many involve mechanisms which overload body structures 1in
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some way (Williams, 1980) and it 1is this overloading that causes the
injury. The mechanism in sport 1s usually a force or stress, the

magnitude, direction and point of application of the force being the
most important predeterminanfs of the type of injury sustained by the

lumbar spine (Alexander, 1985).

Persistent LBP 1in athletes is felt to originate from a derangement of
specific anatomical structures due to repetitive (micro) or exceedingly

forceful (macro) trauma (Brigham and Schafer, 1988). As highlighted

when discussing LBP risk factors (section 3.2.2), there is evidence to
suggest that mechanical overload or fatique is a likely cause of LBP.
Thus, concern must lie with trying to identify the possible mechanical
origins of pain. However, before one can appreciate the influence of
mechanical factors 1n the onset of paln, 1t 1s essentilial to possess an

appreciation of the structural components of the spine and their

inherent mechanical properties.

The human spinal column provides a linkage system between the head, arms
and legs, as well as a protective housing for the spinal cord and its
many nerve roots. Functionally, it must act as a shock absorber while
at the same time provide a combination of strength and flexibility, that
affords maximal stability with minimal restriction on mobility. It
consists of some 33 bony elements (Figure 1):- 7 cervical, 12 thoracic,
and five lumbar Veftebrae, plus the sacrum and coccyx (5 and 4 fused
vertebrae, respectively). In the lateral or sagittal plane there are

four distinctive curves - cervical, thoracic, lumbar and pelvic curves - .

whiéh may well play a mechanical role in the absorption of forces

(Finneson, 1973).

Except for the first two vertebrae in the cervical region the 24

presacral vertebrae are simillar in architecture. Each vertebra consists

encloses and protects the spinal cord. The spinal cord runs down the

length of the spinal canal and 1s essentially a single body. On
reaching the uppermost lumbar vertebra it separates into a bundle of

nerve roots, the cauda equina. Figure 2 presents a diagrammatic view of
the upper surface of a lumbar vertebra showing the respective location

of the spinal canal, the nerve roots within the spinal dura, and the
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Figure 1. ' '
g A lateral view showing the basic structures and curves
of the adult spine.
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nerve roots as they emerge through the intervertebral foramina to their

designated tissues.

The height and cross-sectional area of each vertebra increases as one

descends the spine to the 5th lumbar vertebra. This increase in size

may well play an important role in supporting load, which also increases
in conjunction with spinal depth. Forces resulting from the upper

limbs, head and trunk are transmitted via the sacroiliac joints and

pelvis to the lower limbs.

soft tissue (Figure 3). This segment can be viewed in terms of its
anterior portion (the two intervertebral bodies, the intervertebral disc
and the longitudinal ligaments) and its posterior portion (vertebral
arches, the intervertebral joints, the transverse and spinous processes,
and assoclated ligaments). The vertebrae articulate via three joints:-
the anterior intervertebral disc and a pair of posterior synovial

apophyseal joints (facet joints)..

The vertebral body and the disc are the major load bearing structures of
the spine. Trabecular bone makes up the major part of the vertebral body
and serves to resist any inward bending of the thin surrounding cortical
bone. This structural arrangement makes the vertebrae extremely stable
under axial loading (Brinckmann, 1985). The superior and inferior

surfaces of the body possess the cartilaginous end plates made of

hyaline cartilage. Structurally, healthy cartilaginous plates are made
up of a homogenoué, soft, pliable material, possessing a complex protein

polysaccharide matrix (Kazarian, 1981). Armstrong (1958) listed three

functional purposes of these plates;

(i) a structure designed to protect the vertebral spongiosa from

pressure atrophy,

(ii) a body to act as an anatomical boundary confining the components

of the intervertebral disc,
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Figure 3. The motion segment and its component parts.
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(1ii) a material which serves as a semi-permeable membrane facilitating

the fluid exchange between vertebral body and intervertebral

disc, via an osmotic system.

In all, there are usually 24 intervertebral discs which contribute about
4 quarter of the total length of the spinal column (Troup and Edwards,
1985). Like the vertebrae, these tend to increase in cross-sectional
area as one descends the spine, accommodating the increases in
mechanical load. The disc consists of two parts, a nucleus pulposus
encircled by a fibrous structure, the annulus fibrosus. It is these
structures which enable the disc to withstand and dissipate some of the

energy of brief loading, as well as enabling the motion segment to have

a degree of flexibility.

The fibres of the annulus fibrosus are oriented at an angle of about 60
degrees to the long axis of the spine, allowing the disc to limit both
torsion and any radial bulge (Brinckmann, 1988). Near the rim of the
vertebral body the fibres of the annulus fibrosus insert into the
cartilaginous end plate. Horst and Brinckmann (1981) reported that with
the exception of the very outer rim, the distribution of stress on the
surface of a healthy lumbar vertebral body is uniform, even when loading

is unilateral and accompanied by bending.

The nucleus pulposus occupies the central portion of the disc and is
composed of a small, dense network of collagen fibrils covered by a
polysaccaride-protein complex (Markolf and Morris, 1974; Kazarian,
1981). It is these polysaccharide-proteins, namely chonroitin sulphate
with its polar hydroxyl groups, which endow the nucleus with an abundant
water-binding capacity. The hydrophilic nature of the nucleus gives 1t

an important functional role in maintaining intervertebral disc height

(Markolf and Morris, 1974).

Often neglected in the literature is the role of the facet joints 1in
load transmission. Lin et al. (1978) showed that the facet joints
provide limited support during pure axial loading but provide a second
load path in complex loading. The principal functional role of the
facet joints is to limit the degree of directional freedom of the spinal
motion segment. The plane of the joints varies in geometric orientation

at each of the different spinal levels which directly influences spinal



mobility. They are true synovial joints enclosed by capsular

ligaments.

Stability of the spine is felt to stem from an intrinsic ang extrinsic
mechanism. Intrinsic stability arises from the ligaments and discs, and

extrinsic stability from the muscles around the spine. The ligaments'

principal functions are to;

(i) Control the direction of motion,
(ii) Provide passive resistance to spinal motion,
(iii) Limit movement towards the end of its normal range,

(iv) Transfer tensile loads from one vertebra to another.

Major spinal stability is provided by the trunk muscles, of which the
principal ones can be seen in Fiqure 4. There are numerous muscles
which directly control the movement of the trunk by coordinated activity
and are distinguished by their length and fibre orientation. The
erector spinae muscles lie posterior to the vertebrae and constitute a
group of muscles directly responsible for controlling extension, the
rate of flexing under gravity, rotation and lateral flexion (Ortengren

and Andersson, 1977). Lateral to the vertebrae are the quadratus

lumborum, active in lateral flexion (Troup, 1979), and the psoas muscle,

responsible for controlling hip/trunk flexion and lumbar posture

(Nachemson, 1966). The abdominal muscles include the rectus abdominis,
which resists extension and supports trunk flexion under gravity (Troup,
1979), and the oblique abdominal muscles, the external and internal

obliques and transversalis, which are active during rotation and lateral

flexion, and aid trunk flexion (Troup, 1979).

According to the literature, the most likely site of injury to the spine
is at the junction between the last lumbar vertebra and the sacrum:-
.6/S1 disc (Farfan, 1973; Armstrong, 1958). In mechanical terms two
theories would seem to support this notion. Firstly, it represents the
point at which the entire body mass above the pelvis acts. Secondly, 1in
the normal anatomical position, a large lumbosacral angle 1is formed by
the 5th lumbar vertebra and the head of the sacrum. As a result,
compressive loading of the spine induces a higher shear force and
consequently, places a larger strain on the annulus fibrosus of the disc

and neural arch of the vertebrae (Alexander, 1985). Nachemson (1976)
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highlighted six pieces of work which he proposed lend further support to

the lower intervertebral disc being the most likely cause of pain.

As a mechanical structure, the vertebral column offers considerable
rigidity and resistance to injury. The spine is able to withstand
purely compressive, flexing or extensing forces easier than if these
were combined in some way, or a torsional component existed (Roaf,
1960). Brinckmann (1988) has éhown that the probability of a motion
segment fracture 1s dependent on the size of the load and the number of
load cycles, a rise in both these variables causing an increase in the
probability factor. Perey (1957) reported an inverse relationship
between the strength of the spine and the duration of the applied load.
When a dynamlic load was applied for a brief duration, Hodgson et al.
(1963) found that the likelihood of injury was related to the peak

acceleration and jerk (below 1000 g.s~1).

In terms of the structures most susCeptible to failure, the healthy disc

would appear stronger than the vertebral body (Roaf, 1960). However,
the age and degree of degeneration decrease the mechanical strength
characteristics of the spinal units. Adams and Hutton (1982) found that
a prolapsed lumbar disc can be a compressive injury of a Jjoint flexed a
few degrees beyond the normal limit. 1In addition, they found that

slightly degenerated discs, from 40 and 50 year olds, were more likely

to fail than were normal discs.

As to the origin of pain, degenerative joint disc disease is regarded by .
many as the most common cause of LBP (Krdmer, 1981; Pope et al., 1980).
The disc degeneration can have a direct or indirect 1nfluence on the
cause of pain. As previously mentioned, spinal loads and the types of
movements have been linked with increased risks of LBP and consequently,
are felt to be strongly related to the aetiology of disc degeneration
(Chaffin, 1974; Nachemson, 1976). White and Gordon (1982 ) constructed a
schematic diagram to represent how they considered mechanical factors
can lead to LBP symptoms (Figure 5). Three mechanisms were felt to have

a direct or indirect influence:- structural/material changes,

biochemical/nutritional changes, and inflammation. It was thought that

at any one time, one or more of these mechanilsms could be responsible

for pain and they were often inter-related.
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Figure 5. A schematic representation of the mechanisms involved
in the mechanical onset of back pain.

(White and Gordon, 1982)
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Structural or material changes are very much related to the close
proximity of spinal structures and the large presence of nerves in the
surrounding tissues. Nerve endings occur in the fibrous capsule of the
facet joints, ligaments, periosteum, epidural sleeves of the neural
foramina, the adventitia of paravertebral and epidural veins, and of
vessels in the muscles and vertebral marrow (White and Gordon, 1982).

Smyth et al. (1958) performed experiments which suggested that the

Mechanical irritation of nerves can arise from a narrowing of the
intervertebral foramen due to losses in disc height and encroachment of
vertebral tissue. Disc height is principally governed by the water
content of the nucleus pulposus which decreases with both age and spinal

loading (Kazarian, 1981). Krdmer (1981) reported that the foramen

decreases by about a fifth during a day of constant loading. Also,

extension and bending movements further reduce the size of the foramen.

Disc bulging, protrusion and prolapse are thought to be the most obvious
cause of mechanical irritation. Under compressive loads up to 800 N and
moments in flexion, extension, right lateral bending or torsions up to
11.8 Nm, Reuber et al. (1982) measured disc bulges of up to 2.7 mm,
beyond the normal unloaded state. They also showed that degenerated
discs bulge more than non-degenerated discs. Fluid injection into the

disc or posterior element removal had little influence on disc bulge.

Intra-foraminal space can be further reduced if inflammation and
swelling of the périneural tissues occur during disc protrusions or
osteophytic reactions occur at the articular facets (White and Gordon,
1982). Kridmer (1981) also identified the facet Joints as a possible
source of pain. He proposed that during disc height loss the joints

move 'telescopically' over each other, if this was to Dbe excessive then

additional stress would be placed on the capsular ligaments.

A mechanical origin cannot be the only source for pain, as pain has been

evident without any physically observable defects. Therefore, chemical

factors have been proposed as possible sources of pain. Nachemson

(1969) measured pH values in the intervertebral discs of patients with

prolapsed discs and found them to be below normal, indicating an
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increase in acidity. The theory put forward was that the proteolytic
enzymes in the lysosomes of the connective tissue release amino acids
from the protein polysaccharide complexes and the pH value is lowered.
By loading and increasing the transport of fluid out of the disc, acid

metabolites then cause inflammatory reactions in the adjacent nerve

fibres.

Disc degeneration has been mentioned as a significant factor in the
cause of LBP by affecting the functional properties of the spinal units.
An alteration in disc nutrition is felt to be closely related to this
degeneration which depends on a balance between the metabolic

requirements of the disc's cells and the removal of waste products from
1t. Diffusion is the primary mechanism for this transport as the disc

18 avascular in nature.

Perey (1957) observed that discs subjected to high loads suffer micro-
fractures of the cartilage endplates which may well influence the
metabolic exchange. Holm and Nachemson (1982) investigated the effects
of spinal fusion on metabolic movements within the discs of dogs. They
observed that along with a decrease in the water content of the nucleus
pulposus (approximately 15%) the fused discs became hypoactive and the

discs above and below the fusion were hyperactive.

The motion segment is a highly complex functional unit whose mechanical

characteristics can be altered by any slight change in its structural

components. Brinckmann (1985) concluded that the maximum incidences of

LBP will occur when there is coincidence of a certain level of
pathological change, increased abnormal motion resulting from the
pathological change, and considerable stress on the spine from

environmental factors, such as a blow to the spine during landing from a

fall. The inter-relationship is complex and support for this notion

would seem to come from the fact that a majority of acute LBP is said to
be unprovoked. Brinckmann et al. (1988) later went on to state that it

is not the violence itself that decides the extent of the damage but the

trauma combined with the condition of the disc at the time of injury.

The more a disc is compressed the less additional trauma may be required
to cause lesions. When LBP is the first unforeseen event the question

ig whether the back was already vulnerable or whether it was

overloaded.
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As outlined earlier, the physical mechanisms inherent to many sporting
activities ensure that potentially stressful environmental factors are
present. The review will now go on to consider one such activity,
Plyometrics, which is relatively new and advocated to those athletes
seeking to enhance muscular power. Increasingly more and more athletes
are participating in these exercises. However, the literature is
clearly devoid of information pertaining to the forces generated during

their execution and whether they can constitute a risk to the back.
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3.3 PLYOMETRIC EXERCISES

Innovations and advancements in training regimen are felt to be a major
contributor towards present athletic achievement (Clutch et al., 1983)
and as such must be closely assessed to gauge, not only potential
benefits, but also possible limitations. Just such a new training
procedure was brought to the attention of athletes and coaches by
Verhoshanski (1967) and has since been implemented in the majority of

training programmes designed to enhance athletic muscular power.

Verhoshanski (1969) reported that depth Jumps, often referred to as drop

jJumps, were a 'shock' method employed by Russian athletes to improve the

reactive ability of the nerve-muscle apparatus. The drop jump required
athletes to drop from a raised platform, to the ground, and upon contact
perform an immediate jump for maximum height. From related exercises

the term 'plyometrics' has emerged. Wilt (1976) provided a preliminary

definition of the term as:

"ExXercises or training drills used in producing an overload of
isometric-type muscle action which invokes the stretch reflex in

muscles".
wWilt (1976)

Whether isometric-type muscle action should be included in this
definition is questionable as the training stimulus depends on a highly

dynamic muscle stretch-shortening cycle to store and release the

necessary elastic energy.

Besides drop jumping, other forms of plyometric exercises include single
response jumps (repeated jumps with pauses), bounding sequences (a
number of jumps undertaking over flat ground) and box drills (a series
of bounding and drop jumps). In one form or another, these types of
exercises have been advocated for athletes seeking to develop muscular
power in events such as the shot, discus, javelin, hammer, long jump,
high jump, sprinting, rowing, basketball, and volleyball (Verhoshanski,
1969: Johnson, 1976; Sitz, 1982; Wilt, 1976; White, 1982; Lohmann, 1983;
Miller, 1981; Boase, 1983; Young and Marino, 1985). It has even been
suggested that the young (10 to 15 year olds) should utilise such

activities to develop the effective execution of take-offs 1n jumping
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events (Mekhonoshin, 1984). Considering that these Jumping and bounding
activities require the human body to control and absorb considerably

large ground reaction forces (Bobhert et al., 1987b), their potential

for back injury must be high:

3.3.1 Plyometrics and Muscle Mechanics

Plyometric exercises utilise the sequential timing of muscle actions to

generate greater forces. To appreciate this concept an understanding of

muscle mechanisms is required.

Gasser and Hill (1924) suggested a three-category system of
Classification to describe muscle actions:- concentric, static and
eccentric contractions. A concentric contraction refers to a muscle
action which involves the development of tension in conjunction with a
shortening of the muscle. Thus, the muscle force overcomes an opposing
resistance. A static contraction occurs when a muscle develops tension
with no apparent change in overall muscle length, ie, the force and
resistance are equal. Eccentric contractions involve the development of
tension within a muscle whilst there is an increase in muscle length.
Eccentric muscle contractions do not cause movement since the movement

occurs 1n a direction opposite to that in which tension is developed.

Muscle-force graphs calculated from experiments on isolated toad

sartorius, frog ga5£rocnemius and the forearm flexor muscles in man have
shown that muscles display a unique characteristic (Cavagna et al.,
1968) with regard to the force and speed of contraction (Figure 6). The
graph shows that for negative velocities of contractions (muscle
stretching) the maximum force created is much greater than that during
positive contraction velocities (muscle shortening). The maximum
isometric force represents the point on the curve which intersects the

vertical line, representing zero velocity of muscle shortening.

It is possible to assume that if an active muscle is initially allowed
to stretch prior to contraction then the force developed 1in the
subsequent shortening will be increased. This assumption has been
proved experimentally by the work of such authors as Cavagna et al.
(1968) and in practice, for example, during trunk rotation (Grieve and

Arnott, 1970). It is this fundamental concept that underlies the
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SPEED OF STRETCHING — 4 T Iy SPEED OF SHORTENING

Figure 6. The force-velocity relationship during eccentric (stretching) and
concentric (shortening) muscle actions.
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Principles behind plyometric training which seeks to induce a stretch-
shortening muscle action. Thus, such exercises endeavour to create an

eccentric muscle contraction prior to a concentric contraction.

Explanation for the increased muscular force is believed to lie partly
with the storage of elastic energy in the series elastic component (SEC)
Of the muscle when it is pre-stretched (Cavagna et al., 1968). The SEC
1s thought to be present not only in tendons but also in the cross-
bridges between the actin and myosin filaments of muscle fibres (Bosco
and Komi, 1979). A critical factor in the muscle's ability to utilise
stored elastic energy is the shortness of latency within the stretch-
shortening cycle (Bosco et al., 1981). Bosco et al. (1981) hypothesised
that if the stretched muscle position is held too long it leads to a

detachment of actin and myosin cross-bridges and will, therefore, reduce
subsequent energy output during muscle shortening. Thus, the time

between the muscle's eccentric and concentric contraction must be

minimal.

As the velocity of muscle contraction plays an important role in force
production, then the structural and compositional differences within
skeletal muscle must have an influence on the ability to store and re-
utilise strain energy. Such compositional differences within muscle
fibres have been identified and loosely classified into fast-twitch
(white) and slow-twitch (red) fibre groups. The fast-twitch fibres work
largely anaerobically, whereas slow-twitch fibres are capable of
prolonged oxidative processes (refer to Reilly, 1981lc, for a more

detailed description of the characteristic differences which separate

 these two fibre groups).

Viitasalo and Bosco (1982) found that subjects with a higher proportion
of fast-twitch muscle fibres jumped significantly higher when performing
a vertical jump from a static squat position (concentric muscle
contraction) than a slow-twitch fibre group. With counter-movement
jumps and drop jumps (eccentric-concentric muscle contractions) there
was no significant difference between muscle fibre groups. Jumping
performance from a static squat position would seem to support the
theory that subjects with predominantly more fast-twitch fibres can
recruit motor units more explosively than predominantly slow-twitch

fibre subjects. The fact there was no difference between the fibre type
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groups in performance of the plyometric exercises, suggested to the
authors that the slow-twitch fibre type group could utilise stored

elastic energy more efficiently.

Plyometric activities are proposed to have a two-fold effect during

training:

(i) improve the ability of muscles to utilise stored elastic energy.

(ii) enhance the stretch reflex neuro-muscular system.

(Mann, 1981; Clutch et al., 1983).

To appreciate how they may aid the latter, consideration must be given

to the function and action of muscle spindles.

Muscles possess mechanoreceptors known as muscle spindles which are
capable of detecting changes in muscle length. The spindles are
composed of two parallel fibres which move relative to each other when a
muscle 1s stretched and the resulting movement propogates an action
potential, via the afferent nerve supply, to the spinal cord. Some of
the nerve impulses are transmitted monosynaptically (ie, directly back
to the muscle and not via the brain) causing excitation and hence, a
concentric contraction (Astrand and Rodahl, 1986). It is thought that
plyometric activities facilitate this reflex, establishing a better
neural pathway and allow a greater number of afferent impulses to be

transmitted to the motor (alpha) neurons of the stretched muscle (Clutch

et al., 1983).

3.3.2 Drop Jumping and Bounding: A Training Stimulus

The effectiveness of plyometric training in improving jumpilng
performance has been demonstrated in several studies (Scoles, 1978;
Blattner and Noble, 1979; Steben and Steben, 1981; Clutch et al., 1983).
Scoles (1978) investigated the influence of an 8 week drop jump training
programme on vertical and standing broad jump performances. Subjects
were divided into 3 groups:- a drop jumping group, a flexibility group
and a control group. The drop jumps were'performed from a height of

0.75 m and after the training period were found to increase vertlcal and

standing broad jump performances by 0.02 and 0.08 m, respectively. The

control and flexibility groups showed no significant improvements.
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Blattner and Noble (1979) compared drop jumping exercises from a height
Of 0.86 m with exercises performed on an isokinetic leg press machine
(Model 16BX 'Leaper' leg press machine manufactured by Mini-Gym, Inc,
Independence, No.). This entailed three sets of 10 repetitions with
subjects encouraged to exert a maximum effort. At the start of each
repetition the subjects' knees were bent at an angle of 90° and movement
speed was the maximum allowable by the machine (0.45 m.s"1l). oOver the 8
week training period the male drop jumping subjects were progressively
given additional load in the form of a welghted vest. For the first two
weeks of training no resistance was used. During weeks 3 and 4, a 45.8
kg mass was added and then increased by 23.1 kg every two weeks,
thereafter. A 0.05 m mean increase (10% improvement) was noted in a

vertical jump test which was comparable to that experienced by the

isokinetically trained subjects.

Steben and Steben (1981) investigated whether specific plyometric drills
could facilitate improvements in field event performances of young
subjects as compared with 'normal' physical education class warmups.

The population consisted of 160 students enrolling in physical education
classes at a California school. These were divided into four groups; a
group performing drop jumps from 0.25 m, a group who used box drills
specifically designed to improve triple jump performance, a group who
trained with a series of flexibility-agility exercises utilising
hopping, bounding and high knee lift movements in a linear direction,
and a control group not involved in specific training exercises but did
take part in physical activity. All subjects undertook training for 10

min per day, five days per week, for seven weeks. The results showed

that those training with the plyometric drills did improve thelr high,

long and triple jump performances.

Clutch et al. (1983) reported on two experiments which investigated:

(i) the benefits of certain drop routines when combined with

welghts;

(ii) whether athletes engaged in training for their sports could

benefit from drop jumping exercises.
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In the first experiment, 12 male students, enrolling on a welght
training class, trained with weights and participated in three jumping
programmes; a maximum vertical jump, and 0.3 m, 0.75 m and 1.10 m drop
jumps. Training was carried out twice weekly and for a total of four
weeks. The three jumping programmes all resulted in an lncrease in one
repetition of maximum squat strength, isometric knee extension strength
and vertical jump, but there was no significant difference between
routines. The authors concluded that drop jumps, when combined with
weights, are no more effective than a programme of regular maximum
jumps. Whether a noticable difference in performance can be expected

within the training period conducted is a question which needs to be

addressed.

The second experiment employed 16 subjects from a welght training class
and 16 members of a volleyball team. All subjects trained twice a week,
for 16 weeks, and were randomly assigned to train either with weights
and drop JjJumps, or just with weights. It was found that there was a
significant increase in vertical jump performance for all groups, with
the exception of those weight lifters who did no jumping. The active
volleyball players, who were involved in both weight training and
jumping, made improvements in performance that was equivalent to those
experienced by the volleyball players who were only weight training.
Thus, it was felt that drop jumps are useful for athletes who do no
other jumping but have little benefit for athletes who use jumping

exercises as a principle component of their normal practice.

To invoke the necessary rapid eccentric-concentric muscle contraction,
drop jumping uses the body mass, falling under gravity, to pre-stretch
the lower limb muscles. The range of heights employed has variled
between 0.12 to 1.1 m (Fahmi, 1986) and there would appear to be
controversy as to the necessary optimum height to induce a tralning
effect. Verhoshanski (1969) stated that drop jumps should be performed
from a height of between 0.75 and 1.1 m. A height of 0.75 m was felt to
facilitate the maximum speed for which the muscles could switch from
yielding work to overcoming work. At l.1 m it was suggested that

maximum dynamic strength is developed.

Asmussen and Bonde-Petersen (1974) found that maximum vertical rebound

jumps were obtained when the drop height was 0.4 m. In contrast, Fahmi
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(1986) studied both power and endurance athletes and found on two

occasions that a height of 0.12 m produced the maximum rebound jump.

Although there are contrastiﬁg views as to the optimum drop height, many
agree that maximum knee bend during the initial drop land should not be
excessive (White, 1982; Boase, 1983; Young and Marino, 1985). Boase
(1983) stated that excessive knee flexion on landing will result in a
slower eccentric muscle action leading to muscle spindles being
stimulated asynchronously and consequently, reduce explosive power

output. This may not be the only explanation, excessive knee flexion is
likely to reduce the biomechanical efficiency of the drop jump. During

deep knee bends, considerably more work will be required to raise the

body's centre of gravity.

3.3.3 Adverse Effects from Eccentric Based Muscular Actions
Exercise, particularly unaccustomed strenuous activity involving high
mechanical forces, can result in muscle fibre damage and pain.
Plyometric activities induce such forces and incur problems such as
morphological changes, delayed-onset muscle soreness, performance
decrements, and elevation of muscle protein levels in the blood

(Ebbeling and Clarkson, 1989).

The severity of the muscle actions in plyometric training was realised
by Verhoshanski (1969) who commented that drop jumping should be
discontinued by athletes ten to fourteen days before competition. The
damage associated with such exercises is not permanent and tissues are
repéired (Friden et al., 1983). It has also been noted that a muscle

adaptation takes place with repeated exercises such that subsequent

exercise bouts provoke fewer symptoms (Schwane et al., 1987).

Generally, there are two types of pain assoclated with severe muscular

exercise:- a temporary soreness, characterised by moderate pain and felt

during the final stages of fatiguing exercises, and a delayed-onset

muscle soreness, unrelated to fatigue and described as a dull, aching

pain, combined with tenderness and stiffness. The latter is of primary

concern to this study.

The pathophysiological mechanism underlying delayed muscle sOreness is

unclear but several theories have been put forward. A view supported by
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many is that damage occurs to the connective elements of the muscle and
tendons (Abraham, 1977; Friden, 1983). The damage is felt to originate
from an over-stretching of the muscle's connective tissue among the
fibres and myofibrils, leading to a subsequent inflammation and pressure
build up around nerve endings, which would explain why there is a close
relationship between eccentric exercise and delayed onset muscle
soreness (Abraham, 1977; Ebbeling and Clarkson, 1989). Friden et al.
(1983) have reported extensive damage to the z-band of the myofibrils in
the form of marked streaming, broadening and, in places, total

disruption following intense eccentric muscular contractions.

Indirect measures of muscle damage have focﬁsed on soluble intramuscular
enzymes in the blood, particularly creatine kinase (CK), which is
believed to stem from damage to the membranes of muscle fibres. Tiidus
and Ianuzzo (1983) identified a positive relationship between serum CK
activity and muscle soreness 24 hours post-exercise, following a dynamic
leg exercise involving concentric and eccentric muscle contractions.
Increased intensity and duration of exercise produced increased enzyme
levels and muscular soreness, with intensity having the more pronounced
effect. The highest enzyme activity occurred 8 to 24 hours post-

exercise, whereas peak muscular soreness sensation occurred 48 hours

post-exercilse.

This inconsistency has been reported elsewhere (Newham et al., 1983) and
others have found that the delay can vary in length depending on the
type of exercise (Ebbeling and Clarkson, 1989). Three to six hours

after downhill running or isometric exercises, CK activity levels have

been shown to rise significantly, reaching a peak 18 to 24 hours post-

exercise. However, local muscular eccentric exercise may not cause a

significant increase in CK activity untill 48 hours post-exercise and may

not peak in some subjects until 7 days after exercise.

The inconsistency of measured CK activity and perceived pain may well be

influenced by the fact that CK concentrations in blood represent both

the efflux and clearance of the enzyme. Thus, peak values may be

misleading. Generally, muscle soreness develops during the first 24 to

48 hours following eccentric exercise and peaks between 24 and 72 hours.
Wwithin 5 to 7 days post-exercise, induced pain subsides and disappears

(Abraham, 1977; Newham et al., 1983; Ebbeling and Clarkson, 1989).
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The effects of exercise-induced muscle damage have been shown to
influence certain motor performance parameters, particularly muscle
strength. Directly following eccentric exercise there is an immediate
decrease in maximum force which gradually recovers (Friden et al., 1983:
Newham et al., 1987). Maximum strength may not be achieved for a week
or longer. The decrease in strength could well be secondary to the
muscle soreness, Or as 1is more widely thought, stem from the
morphological changes that have taken place (Komi and Viitasalo, 1976;
Newham et al., 1987; Ebbeling and Clarkson, 1989). There appears to be

no relationship between the time interval to develop muscle soreness and

loss of strength (Friden et al., 1983).

Physical training of skeletal muscle over a period of time reduces
morphological changes, delayed muscle soreness and CK activity. in the
blood following an acute bout of eccentric exercise (Ebbeling and
Clarkson, 1989). The changes that take place are not fully understood,
but alterations in energy metabolism and structural adaptations have
been proposed. Schwane et al. (1987) studied the effects of progressive
short-term training on both delayed muscle soreness and serum CK levels.
Downhill running (predominately eccentric muscle contractions) and
uphill running (predominately concentric muscle contractions) were used
as the training exercise for a total of either 5 or 10 days. Delayed
onset soreness was reduced, but not totally, by the fifth day of
training and more noticeably by the tenth day of training, when running
downhill. Uphill running had little effect on preventing muscle
soreness and neither training had any significant effect on CK levels.

It was concluded that delayed onset muscle soreness may be difficult to

avoid totally but-prevention is more likely if training encompasses a

substantial eccentric component.
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3.4 SPINAL LOADING

3.4.1 The Spinal Motion Seqment's Response to Load

The impacts of landing during bounding and drop jumping are known to
induce high joint reaction forces at the ankle, knee and hip joints
(Smith, 1975; Bobbert et al., 1986; Bobbert et al., 1987a, 1987b), but
little is known about the forces the spine must withstand. Berme et al.
(1984) did estimate the compressive forces acting on the third lumbar

disc during a simple drop landing from 0.33 m and found peak values

ranged between 1360 and 4750 N. This spread 1n peak forces may reflect

this nature. Unfortunately, the authors provided no data for individual

kinematic differences during landing.

Several studies have examined the iIn-vitro response of the
intervertebral discs to varying loads (Virgin, 1951; Hirsch, 1955;
Perey, 1957; Kazarian, 1975; Cyron and Hutton, 1981, Koeller et al.,
1984, 1986) and shown that the discs respond in a viscoelastic manner.
Thus, when subjected to a compressive load for short periods of time the
intervertebral disc loses and regains height immediately, with the
application and subsequent removal of the load. Extending the loading
period causes, in addition to the elastic response, a narrowing and
stiffening of the disc (Markolf, 1972). The rate of reduction in disc
height, often termed 'creep', is non-linear (Kazarian, 1975) with the
greatest loss occurring in the early stages of loading. The rate of
reduction decreases with respect to time until the disc and load are in

equilibrium. Hysteresis and axlial deformability both decrease during

creep (Kazarian, 1984; Lin et al., 1978).

The mechanism or mechanisms underlying creep are not fully known, but
both fluid loss and structural alterations have been proposed as
possible explanations. The fluid mechanism theory proposes that the
intra-discal space, cartilaginous plates, annulus fibrosus,
paravertebral tissue and spongiosa of the adjacent vertebrae make-up a

osmotic system (Krdmer, 1985). Fluid is extruded from the disc when the
combination of imbibition pressure of the protein-polysaccharide complex
of the nucleus pulposus and the osmotic pfessure difference across the

cartilage endplates is exceeded by the compressive load. When the load

is removed the pressure gradient is reversed, fluid 1s drawn back, and

disc height regained.
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The fluid shifts are proportional to the pressure gradient and the
critical load dictating a fluid flow reversal is proposed to be between
70-80 kp (Krdmer, 1985). Thus, as the disc is avascular, a reqular
loading and unloading above and below this value will promote the

exXchange of nutritional and waste products to and from the disc, and

consequently, maintaln its health.

Experiments by Koeller et al. (1984) showed creep and recovery can occur
without fluid shifts. They identified extension and contraction of the
annular fibres as the cause of disc height alterations. Brinckmann
(1988) suggested that the time constant for fluid exchange and the

elastic response of the disc may well be different, the former being 1n

the order of hours, the latter in terms of minutes.

Koeller et al. (1984) also reported that creep behaviour is similar
during static or dynamic loading. This is contrary to Kazarian (1972)
who found increased creep response to dynamic loading when compared with
static loading. The larger the peak to peak amplitude during the

dynamic loading the greater was the creep response.

Hirsch (1955) examined motion segments, complete with skeletal and
ligamentous parts, and subjected them to dynamic and static loads.
Static loads were found to produce a reaction in the course of mlnutes,
as compared with fractions of a second for dynamic loads. To simulate
impulse loading, 1 kg weights were dropped onto pre-loaded segments
(loads between 10 and 130 kg) from heights of 0.1 and 0.5 m. This
additional force was found to create a vibration within the disc which
lasted a few seconds. The greater the pre-load the less was the
amplitude of the shock wave induced. These results prompted Hirsch

(1955) to conclude that a loaded spine is less able to adapt to a sudden

extra strain than if it were previously unloaded.

Perey (1957) adapted a similar approach to study the consequences oOf
impulse loads on localised end-plate fractures. Dropping 15 kg welghts
from a height of 0.5 m on to pre-loaded cadaveric splnes was found to
cause peak compressive forces between 1030 and 1350 kp, over a period of
6 ms. Twenty incidences (26%) of end-plate fractures were observed 1in

the specimens studied. Static compression tests were also performed in



Which spinal specimens were compressed to breaking point. Motion
Segments, comprising of two and three vertebrae and their intervening
disc, were noted to have visible end-plate fractures in 32 and 42% of
Ccases, respectively. In addition, a greater resistance was found for
those segments which were younger and when the duration of the
compressive load was kept to a minimum. 1In cases of excessively high
impulse loading there is evidence to suggest that the latter
relationship may change and become dependent on the rate of change of

acceleration or jerk. Hodgson et al. (1963) subjected seated cadavers

acceleration.

The literature would suggest that motion segments vary considerably,
particularly in terms of the forces they can withstand. Failure loads
gé low as 3 kN to as high as 12 kN have been reported by experimentors
(Brinckmann et al., 1988). Perey (1957) found that failure of cadaveric
specimens, aged forty years old and under, occurred when an average
force of 780 kp was applied, the range being between 510 to 1100 kp.
Specimens over the age of sixty failed when exposed to an average force
of 425 kp, the range extending between 290 and 530 kp. Similarly, Lin
et al. (1978) reported failure loads ranging between 1560 and 5800 N for
19 fresh lumbar intervertebral joints, although, questions may be raised

as to the reliability of his findings given that his tests followed a

series of loading experiments.

Brinckménn et al. (1987) undertook a preliminary study on 23 motion
segments and found a strong correlation between the ultimate compressive
strength and the product of bone density and endplate area. As
Brinckmann et al. (1987) stated, if such a relationship can be
substantiated then there is the potential for making iIn-vivo estimates

of compressive strength by utilising such techniques as computer

tomography and magnetic resonance imaging.

Age, sex, disc level and degree of disc degeneration have all been

studied with regard to their influence on the mechanical properties of
the motion segment. Nachemson et al. (1979) subjected 42 fresh cadaver
lumbar motion segments to shear forces of up to 205 N, and bending and

torsion moments up to 205 Nm, on top of a 400 N static preload. Age and
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disc level did not significantly affect the mechanical behaviour of the
motion segment. Female segments were found to be more flexible than
males in response to bending moments and compressive loads. Discs which

were grossly degenerated deformed more in compression and less in

flexion-extension.

(Kazarian, 1975). Koeller et al. (1986) identified three distinct age
ranges 1in which disc mechanical properties were seen to alter. They
subjected 178 disc specimens (96 lumbar, 81 thoracic), aged between 5 to
84 years, to axial dynamic compression loads of 950+540 N. From the
first to the middle of the third decade, the lumbar disc creep response
was seen to decrease, whereas from the middle of the third decade to the
beginning of the sixth decade biomechanical behaviour remained
unaltered. After the sixth decade there was an increase in creep
response. For all ages and lumbar discs, axial deformability was
independent of age. The degenerative state of the lumbar disc was found
to be linearly related to an increase in age, whereas the mean water
content of the nucleus decreased significantly with age. Paradoxically,
their findings implied that discs behave most efficiently within the age
ranges that coincide with the period of life that has the highest

reported incidences of back pain.

Several in-vitro studies have attempted to mimic injuries to the disc
in order to investigate the effects on the mechanical functioning of the .
spihal motion segment. The work by Adams and Hutton (1982) suggested
that a single high compressive load applied to a hyperflexed disc can
result in a sudden disc prolapse. However, it is possible to criticise
their work given that disc failure often occurred beyond the normal
physiological range of the motion segment. A gradual disc prolapse was

also shown to occur when a slightly flexed motion segment was subjected

to a period of cyclic compressive loading.

Markolf and Morris (1974) examined the responses of 24 vertebral
specimens to compressive loading following the injection of saline
solution into the discs, puncturing of the discs through the annular
wall, removal of the disc's nucleus alone, and removal of the disc

nucleus along with central end-plates and supporting bone. The 1njected
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saline caused axial distension (0.5 to 2.5 mm) with no increase in disc
bulge and no significant alteration in compressive behaviour. Following
injury to the annulus, mechanical behavioural characteristics were
quickly restored. An initial load cycle appeared to cause an extrusion
Of nuclear material through the lesion which led to its subsequent
sealing. 1Injection of a solution into the sealed disc revealed a water-
tight system had been formed. The removal of the nucleus and annular
wall did not appear to influence the disc's compressive characteristics
and it was concluded that the annulus acts as the major structure

towards providing the disc with its mechanical properties.

These findings were not supported by Panjabi et al. (1984) who observed
a marked alteration in the mechanical functioning of the disc following
annular injury and nucleus removal. In addition, no self-sealing
mechanisms were seen to take place. These contrasting findings were
felt to result from the method by which Panjabi et al. (1984) sought to
gauge functional performance, namely three-dimensional flexibility and

creep, as opposed to pure axial deformation.

Brinckmann (1986) attempted to replicate an internal division of the
annulus, leaving only a 1 mm thick peripheral layer, to simulate the
effects of a traumatic disc faillure or degenerative process. Disc bulge
at the site of injury was measured under axlial loading, within
mechanical load ranges, and after axial compressive fractures and intra-
discal injections. Application of a 1000 N load caused a bulge of less
than 0.5 mm and following fracture, there was no increase of disc bulge
beyond 1 mm. In all instances there was never any extrusion of disc

material. These findings suggested that a disruption of the annulus was

not sufficient to produce a clinically relevant disc herniation.

The extent to which observations from in-vitro studies can be
extrapolated to predict failures in the In-vivo situatilon is open to
debate. Individual differences in bone material storage, test
conditions, removal of important musculature and bone structure, can all
significantly influence the biomechanical properties of the motion
segment. Brinckmann et al. (1988) stated that a major problem with the
majority of In-vitro motion segment tests are that they are not
performed with adjacent discs present and forces are applied direct to

the vertebrae. They felt that this could severely influence the
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mechanism of failure and stress distribution.

Brinckmann et al. (1988) have performed in-vitro experiments which

they claimed more closely represent in-vivo situations and can be used
to predict the probability of a fatigue fracture in living subjects. A
number of cyclic loading tests were carried out on lumbar vertebrae from
which a probability table for fatigue fracture was established. The
table accounted for loads cycles of 10, 100, 500, 1000 and 5000 N and
different relative loads between 20 and 70%. For example, a lumbar
vertebra with compressive strength of 6 kN when subjected to a cyclic
load of 2 kN (equivalent to a moderate lifting exercise) was estimated
to have an 18% chance of a fatigque failure after 500 load cycles.
Following 5000 repetitions the probability was found to rise to 27%. It
was stressed that when evaluating such findings the load cycles must
have accumulated in a short time interval. Longer time intervals allow
natural bone repair mechanisms to take place and can therefore,
significantly enhance the number of load cycles that can be tolerated.
However, they felt this was not a major limitation considering that a
majority of activities, such as marathon running, accumulate 5000 load
cycles in a relatively short time span. A more influential limitation
could well stem from the fact that a majority of activities involve
loading cycles which are often intermittent and have a continually

changing force amplitude.

In-vitro studies have provided some important clues as to how spinal
structures react to mechanical forces and the possible mechanisms of
spinal injury. However, the major criticism 1is that such studies cannot
be related to in-vivo situations. For this reason, researchers have

sought to find methods by which to estimate in-vivo spinal load

responses.

3.4.2 Measures Adopted to Study Im-Vivo Spinal Loads

As the literature would suggest, injuries to the intervertebral disc are
a major cause of LBP symptoms. Taking this into consideration, 1in

conjunction with the epidemiological data identifying spinal loading as
a predominant risk factor associated with LBP, the in-vivo techniques

employed to investigate spinal disorders have focussed on the

measurement of lumbar disc loads. Direct and indirect techniques have

been implemented with varying degrees of success. These have sought to
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measure intervertebral disc pressure, intra-abdominal pressure, spinal

shrinkage, trunk muscle activity (electromyography), and compressive

disc forces estimated from biomechanical models.

Intra-discal pressure measurements were pioneered by Nachemson (1959) to
directly measure pressure within the actual disc of livi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>