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ABSTRACT

Background: Low back pain (LBP) is one of the commonest healtimnditions in
industrialized societies affecting people of alesgDespite the numerous conservative,
surgical and alternative therapies, there is notféective and widely accepted therapy
for this disease. Thus, there is a need for highlityurandomized controlled trials to
investigate potential therapies and shed lighthemtechanism of LBP.

Aims: The purposes of this thesis were twofold. Thet fasn was to develop and
validate a technique for the measurement of theaspange of motion (ROM) which
can be used in clinical settings. The second and aien was to investigate the effects
of partial body weight supported treadmill walkiog people with LBP (biomechanical
effects and pain status) and compare these withgsynatic people.

Methods: The test-retest reliability and the validity of IRemus Liberty were
concurrently examined with Vicon system on two apimovement simulation rigs and
on ten healthy volunteers. Nineteen LBP patientstarenty one healthy volunteers took
part in the randomized control trial which aimedagsess the biomechanical effects and
pain levels of 40% body weight supported treadwmalking.

Results: Polhemus Liberty is a valid and reliable systemtfee measurement of the
spinal ROM. However, with the proposed sensor httemt technique the accurate
measurement of spinal axial rotation is limited#@®0°. 40% body weight supported
treadmill walking does not cause any significantardes when compared to
conventional walking in spinal length and spinalM@ LBP patients or asymptomatic
people. However, it prevents further pain exacéshat and reduces peak spinal
frequencies related to the walking frequency in Lifents.

Conclusions: This study showed that Polhemus is a valid andble system for multi-
segmental spinal ROM measurements when it is cgkrahder certain conditions.
Supported treadmill walking it is unlikely to causey significant changes in the spinal
length, ROM or clinical condition of LBP patientfut it could prevent pain
exacerbations during walking exercise on a treddiBP patients have significantly

less spinal ROM than asymptomatic people.
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Introduction

CHAPTER 1INTRODUCTION TO THE STUDY

1.1BACKGROUND

The human spine is a complex structure which péagsucial role in maintaining
the upright position of the human body and alsdhi& protection of the spinal cord
which is part of the central nervous system. Themab functioning of the spine is a
prerequisite for physiological function and aciest of daily living.

Due to the complexity of spine structure, the etyyl of potential problems is often
not easily defined and commonly therapeutic intetie&s cannot be clearly indicated.
In addition, there is a gap in knowledge regardimg underlying mechanisms of many
spinal problems and that constitutes an additiahtiiculty in the decision making
process and the selection of appropriate treatments

A common spinal problem in industrialized societresrldwide is low back pain
(LBP) which has major biological, social, psychotad, and financial implications.
Low back pain may be the result of an injury orfdgstion of different structures such
as: muscles, fascias, nerve roots, intervertebisdsd vertebras, ligaments etc. In
addition social and psychological factors frequenglay a crucial role in the
development and maintenance of LBP. Usually, a doation of injuries and
psychosocial factors may coexist and this is and#éegure which makes diagnosis and
subsequent treatment ambiguous.

Although the majority of the low back pain probleresolve within the first weeks
after the onset, a considerable percentage progwesisronic pain which continues to
affect the normal everyday living of those affectedlong periods of time (Croftt al,
1998; Dunn & Croft, 2004). However, there is naaclevidence for the etiology of who
will become chronic and who will not.

For the treatment of this disease numerous stegegpnsisting of conservative
and invasive techniques exist and are employedffgreht health professionals such as,

spinal surgeons, physiotherapists, manual thesmposteopaths, alternative therapists
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etc. Despite the matrix of available therapieshim lhealth care community there is little
consensus or sound scientific evidence to suppertise of any of these interventions.

Typically, due to uncertain diagnosis the treatmefar LBP are focused on
alleviating the symptoms instead of targeting tinelarlying cause of pain. The most
common conservative treatment approaches includergeexercise therapy (Hayden
al., 2005; Van Middelkooget al, 2010) or more targeted interventions such asaspin
manipulation aiming to increase the mobility of bymobile spinal regions (Rubinstein
et al, 2011; Walkeret al, 2011). Similarly, other specific conventional@ntentions
such as core stability exercises aim to activate strengthen the abdominal and back
muscles in order to stabilize hyper-mobile regiansl treat or prevent recurrences of
LBP (Akuthotaet al, 2008). Other conservative treatments involveube of massage
therapy and transcutaneous electrical nerve stitonldVisintin et al.), low level laser
therapy, back school, education, behavior treatptesttion, back supports, heat/cold
therapy, multidisciplinary approaches, etc (Van d&ikoop et al, 2011).
Pharmacological interventions involve the use ofi-steroid anti-inflammatory drugs
(NSAIDs), muscle relaxants, antidepressant and idpiqKuijpers et al, 2011).
Minimally invasive treatments involve epidural afaget joint corticosteroid injections,
spinal nerve blocking procedures as well as acupoa¢Yuanet al, 2008; Datteet al,
2009; Staalet al, 2009; Lewis & Abdi, 2010). More invasive treatrterinvolve
surgical techniques such as microdiscectomy, sjpusan, laminectomy as well as total
disc replacement (Freeman & Davenport, 2006; G¥aal, 2009; Van Den Eerenbeemt
et al, 2010). Usually, more invasive interventions aserved for the treatment of disc
and vertebrae pathologies whereas less invasive@mskrvative interventions are used
in non specific LBP.

None of the aforementioned invasive or conservaiti¥erventions for LBP are
widely accepted or supported from sound evidendee Tajority of high quality
systematic reviews which attempted to investigatse issues are inconclusive or report
some indications for particular interventions basadoor quality data. Thus, there is a
clear need for high quality randomized control sgado shed light on whether current

clinical practice is effective or not and propopedfic interventions for different types
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of LBP. Regarding the management of non-specifi® LB recent review summarizing
international guidelines reported that LBP patiestieuld remain active and avoid bed
rest (Koeset al, 2010). The simplest and most natural activityrémain active is
walking. However, the potential therapeutic effeaftsvalking have not yet been proved
in LBP. A recent review reported low to moderatealgy evidence indicating that
overground walking does not have positive effenotshe LBP management and poor
evidence for the effectiveness of treadmill walkitendricket al, 2010). Due to the
poor quality of the available evidence, these astlhecommended that walking should
be encouraged and also suggested further researdarify the potential benefits of
walking in the management of LBP (Hendriekal, 2010). Therefore, the current study
aims to investigate the biomechanical effects astérgial benefits of partial under arm
supported and conventional treadmill walking in LB&ients.

The body weight supported treadmill walking teclugidias been extensively used
in the rehabilitation of various neurological caimhs. The terms body weight support
(BWS) and body weight unloading (BWU) are usedricttangeably in the literature to
refer to the same walking condition. In this docuatrigoth terms will be used as well as
the term “experimental walking”.

In addition, there is a lack of three dimensionqmrtable and economic motion
analysis techniques which can be used in a clirsetling for the assessment and
monitoring of the human spinal motion. The systeissd to date in the clinical settings
are commonly limited in measuring only one segn@d in one dimension. Thus, the
development of a valid and reliable technique fos fpurpose constitutes a secondary
objective for this study.

Therefore, in this thesis, a study approaching fi@riomechanical perspective
this very common health condition (LBP) will be peated. The current document
consists of seven chapters starting with the intcidn chapter, which includes the aim
and objectives for this study, and continues wittegaature review of relevant topics, in
chapter two. Chapter three and four are two metlbdpters. Chapter three includes the
methodology used as well as the findings and dgouosof the validation process of

Polhemus Liberty, which was one of the measuriodstn the main study. Chapter four
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describes the methods used in the main study (raizéd controlled trial for the effects
of partial unloading treadmill walking in LBP patis). In chapters five and six the
findings and the discussion of the main study aesgnted respectively. The thesis ends
up with chapter seven which includes the conclussi@md recommendations. A

flowchart of the thesis structure is presentedwetoFigure 1.1.

Chapter 1: Introduction to
the study

[ Chapter 2: Literature review]

I

Chapter 3: Methods-Polhemus
Validation (independent chapte
with its own discussion and
conclusions

Chapter 4: Methods -
for the main study

J

Chapter 5: Results for
the main study

J

Chapter 6: Discussion of
findings for the main stud

J

Chapter 7: Conclusions
and Recommendations

—

Figure 1.1 Flowchart of thesis chapter structure.
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1.2PROJECT AIM AND OBJECTIVES

The aims of this thesis were:
To develop a spinal range of motion measurement teoique and establish its

validity and reliability.

To investigate the relationships between spinal Igh, shape, range of motion and
reported pain status in LBP patients during under-am supported treadmill

walking; and to comment on any potential therapeut value.

The research aim of the main study was broken downeight more specific research

objectives:

1. To investigate the effect of 40% of BWU during 30nuotes of treadmill
walking, on the spinal length and shape of patieuiis LBP.

2. To compare the spinal shape and length between h#&tents and healthy
people in two different walking conditions (withcawithout BWU).

3. To compare the influence of supported and norneddmill walking on the
range of motion of patients with LBP.

4. To investigate the potential pain relieving effect8WU on patients with LBP
and to compare with the control walking conditientout BWU).

5. To investigate if pain status changes over timandutreadmill walking, with
and without BWU.

6. To compare the spinal kinematic and gait parameibthe LBP patients with
those of healthy people and also during differealkimg conditions.

7. To associate the spinal length, shape, range obmaind reported pain status
with quality of life and disability status.

8. To provide valuable evidence for further researchhe rehabilitation of LBP

patients.
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CHAPTER 2LITERATURE REVIEW

2.1INTRODUCTION

Low Back Pain (LBP) is a condition affecting peopta only in modern societies,
but it is rather well recognized and described ugtwmut the centuries. The first known
text about back pain is the Edwin Smith papyrusciidates back to 1,500 B.C. (Allan
& Waddell, 1989). This old Egyptian writing it isgomplete and ends suddenly while
describing an acute LBP case. Although it is furtdescribed by others (Galen,
Hippocrates, Freud), low back pain became an epadefter Word War Il (Allan &
Waddell, 1989). Since then, low back pain gainedafrnterest from the research
community resulting in thousands of publicationstluis topic. A simple search with the
keyword “Low Back Pain” in a database (PubMed) fssuin more than 18,000 hints.
Despite the extensive historical reference andntioelern publicity, LBP remains an
ambiguous health condition.

The following chapter presents the literature revan fundamental topics of this
thesis. This review focuses on five main topicstidity, Low Back Pain as an entity
will be discussed, with special focus on its socay®mic impact, natural course and the
state of art in terms of therapeutic interventioBecondly, key aspects of pain and
spinal anatomy will be presented, covering issuepain definitions and physiology,
spine anatomy, mechanical properties of underlfisgpes, pathophysiology. In the next
two sections, the kinematics and biomechanics ef gpine will be explored. Each
section ends up with key points for this thesis #redfinal section is a summary of the

chapter in lay terms.

2.2CHARACTERISTICS OF LBP
2.2.1Epidemiology & Cost of LBP

Low back pain is a common condition, especiallywastern societies, which
affects both adults and children (Dunn & Croft, 2000nes & Macfarlane, 2005; Kent
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& Keating, 2005). Approximately one in four adulieeks care in a six month period
(Kent & Keating, 2005). Authors use different défons for LBP and also cost

estimation techniques. This makes comparison amepiglemiological and cost

estimation studies difficult. However, some data foequency (prevalence) and
economic impact will be presented. Prevalence &s gtoportion of individuals in a

known population who have the disease at a givae and lifetime prevalence is the
percentage of people who can recall symptoms as@ade at sometime in their life,
irrespective if they have it or not now.

In a study conducted in fifteen primary centersAsia, Africa, Europe and
America, it was found that Back Pain is the comastrcause for persistent pain with
47.8% prevalence (Gureg al, 1998). In this study, persistent pain was defiaggain
present for six months or more during the previgesr (Table 2.1).

Table 2.1Anatomical site of pain (based on Gureje et al8)99

Anatomical site People reported pain (%)
Back pain 47.8
Headache 45.2

Joint pain 41.7

Arm or leg pain 34.3

Chest pain 28.9
Abdominal pain 24.9

Pain elsewhere 11.7

Approximately one-fourth of all adults in the US$oeted LBP in a three months
recall period (Lawrencest al, 2008), with reported annual prevalence of 59% an
lifetime prevalence between 65% to 80% (Lawrerteal, 1998; Manchikanti, 2000;
Lawrenceet al, 2008). A US national study, across all statgsomed 31% prevalence
during a three months period (Strine & Hootman, 7200 he annual prevalence in the
UK was found to be between 36% to 37% (Maniadaki&&y, 2000). According to a

guestionnaire study in a Grampian area in UK, stk was the major cause of chronic
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pain with the highest prevalence (16%) (Elli@t al, 1999). In a cross-sectional
population based study of 4501 individuals in thenkhester area, one month
prevalence of LBP was 35% to 37% with peak prevadesccurring in those aged 45 to
59 years old (Papageorgiat al, 1995). Similar figures regarding age distributiain
LBP prevalence where also described for the USAufation (Deyo & Tsui-Wu, 1987).

A common problem which is often combined or confLgéth LBP is sciatica. A
recent study which reviewed the literature regaydinis issue, reported considerable
variation between studies with sciatica prevalemaeying between 1.2% and 43%
(Konstantinou & Dunn, 2008). However, this variatiwas due to different definitions
for sciatica and studies involving clinical assessmyielded much lower prevalence
compared to self-reported ones. This last pointatds the need for research to work in
a framework of clear definitions which are widelgcapted and used. Without this

framework we are forced to question the credibibtygelf-reported evidence.

Economic impact on society

The economic burden of low back pain is a veryosserissue, especially nowadays
with the global economic recession, and the growmegd for the national health
systems to decrease their expenses. The cost getintd LBP varies considerably
among studies due to different cost estimation rtiegles used. Interestingly, the
evidence indicates a poor relationship betweencelimnd economic outcomes (Maetzel
& Li, 2002). This is obviously due to the limitechderstanding about LBP and the
ineffective interventions employed by the healthecservices to treat this condition. In
1998 estimates of the overall cost for treatmemipleyment, and informal care costs, in
the UK varied between £6.6 to £12.3 billion (Maraki$ & Gray, 2000). A study taking
into account cost estimates from different coust(iEable 2.2), reported that the largest
proportion of direct costs were for physical thergh7%), impatient services (17%),
pharmacy (13%) and primary care (13%) .
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Table 2.2National estimates of total, direct or indirecttcios LBP (Dagenais et al 2008).

Total cost Direct Costs Indirect Cost
Country Year Population Curre % %
-ncy
Australia 2001 19.357.954 AUD 9,2 billion 1 biltio 11 8,2 billion 89
Belgium 1999 10,182,034 € 1,18 billion 187 million 16 993 million 84
Japan 1994 124,712,000 Yen 6 billion 2,7 billion 453,3 billion 55
Jersey 1994 82,000 £ 1,3 million
Korea 1997 45,948,811 Won 349 billion
Netherlands 1991 15,022,393 $ 4,6 billion
Netherlands 2002 16,067,754 € 6,4 billion 4,2 doilli 66 2,2 billion 34
Sweden 1994 8,730,290 SEK 25 billion 832 million 3 24,2 billion 97
Sweden 1994 -8,778,461 € 3,34 billion 234 million 7 3,1 billion 93
5
Sweden 2001 8,909,128 € 1,86 billion 297 millio 16 1,56 billion 84
UK 1998 58,970,119 £ 12,3 billion 1,6 billion 13 0,7 billion 87
USA 1995 260,713,585 $ 13,9 billion
USA 1996 263,814,032 $ 14,7 billion
USA 1996 263,814,032 $ 18,5 billion
USA 1996 263,814,032 $ 28,2 billion
USA 1996 263,814,032 $ 12,2 billion
USA 1998 270,311,756 $ 90,6 billion
USA 2002 280,562,489 $ 19,8 billion
USA 2004 293,027,571 $ 7,4 billion

The majority of the indirect costs were due to albserom work according to the
same study (Dagenaist al, 2008). Specifically, for medication usage in 201
Pittsburg health system, half the patients withriemgry diagnosis of mechanical LBP
used analgesics, with an overall cost of $1.4 amlland men showed a 52% higher
usage than women (Vogt al, 2005). The total cost for LBP in USA for a threenths
period was $34 million (Strine & Hootman, 2007)im&arly, the total cost for LBP in
Sweden in 2001 was €1.8 billion, with 84% of thésimation to attributed to the indirect
costs due to lost productivity (Ekma al, 2005). The same authors reported that the
cost had been quite stable for a period of 10-l&syeAlthough you could argue that
these numbers are inflated, due to the inclusiorthef indirect costs, it is still a
significant amount of lost resources which obvigushve an impact on societies. LBP

is therefore of clinical, social and economic intpace.
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2.2.2Health, lliness and Disability

According to the World Health Organization (WHORgalth is a state of complete
physical, mental and social well-being and not ryetbe absence of disease or
infirmity” (World Health Organization, 1946).

In 1980 the WHO published the International Classtfon of Impairments,
Disabilites and Handicaps (ICIDH) as a classiimat system regarding the
consequences of a disease. This system providedcetual framework for disability
which was described in three dimensions (impairméisability and handicap) (WHO,
1980):

Impairment: “Any temporary or permanent loss or abnormalitfy eo body
structure or function, whether physiological or gsylogical. An
impairment is a disturbance affecting functionst thee essentially mental
(memory, consciousness) or sensory, internal orgheart, kidney), the
head, the trunk or the limbs”.

Disability: “A restriction or inability to perform an actiyitin the manner or
within the range considered normal for a human dyemostly resulting
from impairment”.

Handicap “This is the result of an impairment or disalyilihat limits or prevents
the fulfillment of one or several roles regardedhasmal, depending on age,
sex and social and cultural factors”.

However, this system was later revised and replagethe (ICIDH-2) and
the International Classification of Functioning, sBbility and Health (ICF)
(WHO, 2001). For example, in the ICF classificatispstem the Handicap
concept has been replaced by Participation whichheeve a negative dimension
as participation restriction. The handicap conceps a social construct by
definition and there was a difficulty in establisgiinternational standards among
different societies, cultures and languages. Thd I8 based on the
Biopsychosocial model (Figure 2.1) which is now elhid accepted as the
framework for disability and rehabilitation (Wadd& Burton, 2004). This is an
individual-centered model which takes into accotim person, their health

condition and also their social context (WaddeB&rton, 2004).

10



Literature review

SOCIAL Culture ICF (WHO 2001)
Social interactions Environment factors
The sick role Participatipation restrictions
PSYCHOLOGICAL Activity limitations

" lllness behaviour - Personal factors
Beliefs, copying strategies
Emotions, distress

BIOLOGICAL : /| Impairments
N/ Neurophysiology Body structures and functions

Physiological dysfunction
(Tissue damage?)

s

s,

Figure 2.1 A biopsychosocial model of disability with ICF cooments (Waddell and Burton 2004).

The ICF describes functioning and disability as ymainic interaction
between the person’s health status and contexasabrs (Waddell & Burton,
2004) (Figure 2.2). The ICF classification consddtswvo parts, each of which has
two components:

Part I. Functioning and Disability

1) Body Functions and Structures (impairments)

2) Activities and Participation (limitations and restions)
Part Il. Contextual factors

3) Environmental Factors

4) Personal Factors

Health condition
(disorder or disease)

T
v v v

Body Functions and g Activities 4——)p Participation

Structures
t t t

v v

Environmental Personal
Factors Factors

Figure 2.2Interactions between ICF components adopted by VZB@L.
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Thus, there are complex relationships among modehmeters and by
definition this model does not assume only seqakrdar cause and effect
relationships, like earlier models. For better usténding some common
definitions from the revised ICF model are giveiolbe(WHO, 2001):

Well-being “is a general term encompassing the total univefseuman life
domains, including physical, mental and social aspthat make up what
can be called a “good life”. Health domains areubset of domains that
make up the total universe of human life”.

Health conditiont “is an umbrella term for disease (acute or chromligorder,
injury or trauma. A health condition may also iraduother circumstances
such as pregnancy, ageing, stress, congenital dpono& genetic
predisposition”.

Functioning: “is an umbrella term for body functions, body stuwes, activities
and participation. It denotes the positive aspettthe interaction between
an individual (with a health condition) and thatividual's contextual
factors (environmental and personal factors)”.

Disability: “is an umbrella term for impairments, activity liatibns and
participation restrictions. It denotes the negatgpects of the interaction
between an individual (with a health condition) atitht individual's
contextual factors (environmental and personabfagt.

Body functions “are the physiological functions of body systemgluding
psychological functions. “Body” refers to the humanganism as a whole,
and thus includes the brain. Hence, mental (or lpdggical) functions are
subsumed under body functions. The standard fosethiinctions is
considered to be the statistical norm for humans”.

Body structures “are the structural or anatomical parts of the bedgh as
organs, limbs and their components classified aiogrto body systems.
The standard for these structures is considerde tine statistical norm for
humans”.

Impairment “is a loss or abnormality in body structure or pblgiical function
(including mental functions). Abnormality here ised strictly to refer to a
significant variation from established statisticedrms (i.e. as a deviation
from a population mean within measured standaranaprand should be
used only in this sense”.

Activity: “is the execution of a task or action by an indieidut represents the
individual perspective of functioning”.

Activity limitations. “are difficulties an individual may have in exd¢og
activities. An activity limitation may range from slight to a severe
deviation in terms of quality or quantity in exdagt the activity in a
manner or to the extent that is expected of peaeptbout the health
condition”.

Participation: “is a person's involvement in a life situation. dépresents the
societal perspective of functioning”.

12
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Participation restrictions “are problems an individual may experience in
involvement in life situations. The presence ofaatipipation restriction is
determined by comparing an individual's participatito that which is
expected of an individual without disability in traulture or society”.

Contextual factors “are the factors that together constitute the complentext
of an individual’s life and in particular the backgnd against which health
states are classified in ICF. There are two compisnef contextual factors:
Environmental Factors and Personal Factors”.

Environmental factors “constitute a component of ICF, and refer to alleatp
of the external or extrinsic world that form thentext of an individual’s life
and, as such, have an impact on that person'sidaieg. Environmental
factors include the physical world and its featutee human-made physical
world, other people in different relationships antes, attitudes and values,
social systems and services, and policies, rulddaams”.

Personal factors“are contextual factors that relate to the individieh as age,
gender, social status, life experiences and sowbigh are not currently
classified in ICF but which users may incorporatéhieir applications of the
classification”.

Other useful definitions include those for Diseam®d lllness which imply
different concepts. Disease is related to pathobrgy medical diagnosis which may or
may not lead to physical or mental impairment. B8ably, the presence of disease
does not necessarily result to symptoms, disalolityiness (Waddell & Burton, 2004).
The concept of illness refers to the impact of althecondition on activities or
participation, well being and quality of life andtrpurely the presence of symptoms,
medical diagnosis or disease (WHO, 2003). llinéss a social phenomenon which
involves the individual, other people and the siycjgvaddell & Burton, 2004).

The usefulness of such classification systems tionly limited in classifying an
individual’s condition or providing a theoreticatamework but also in clinical
diagnosis, rehabilitation process, rehabilitatiomtcome measurement, effective

research results communication and a range of otigartant parameters.
2.2.3Definition of LBP

LBP is typically definedas “pain and discomfort, localized below the costal

margin and above the inferior gluteal folds, with without leg pain”(Manek &
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Macgregor, 2005; Van Tuldest al, 2006) In reality, there are numerous different
definitions used in the literature.

A great issue in LBP epidemiological studies is ldek of a standardized way of
defining back pain prevalence (Rossigeolal, 2009). The lack of common language
between studies makes the evidence difficult torearize and consequently less than
ideal for researchers and healthcare providers. ifit@national consensus LBP expert
groups have recently addressed this issue. Thestiusly used 51 articles reporting
results of back pain population based studies asdl them to identify elements that
could be included in a definition of low back pgrevalence (Dionnet al, 2008).
Based on 7 elements (site of pain, measure tilmefrgymptoms, symptoms duration,
frequency of symptoms, severity of LBP, and exctuggmptoms) they identified 77
different definitions. One important recommendatwas that questions on severity and
duration are not considered to provide valid infation, when examined in the time
frame of a year, and suggested the use of a ‘f@aakiMtime frame for LBP definitions.
In a similar study the consensus group, basedwendiements (pathology, symptoms,
functional limitations, use of care services, mapttion) identified 132 definitions of
LBP (Griffith et al, 2007).

Taking into account the above findings it can bsuased that there is a need to use
a common and more specific definition for low bag&in. This can enhance the
sensitivity of identifying appropriate participarfter research studies and consequently

make the findings comparable and easy to summarize.
2.2.4Classification of LBP

Similarly to the definition of LBP, there is no aleand consistent classification
system which is widely used. This has serious ioapibns to research and clinical
practice since the heterogeneity among studies sntie comparison of the evidence
very difficult, if not impossible and hence it caot be used to target intervention to
subgroups that respond to that intervention. Loekljzain can be classified according

to its chronicity or its underlying pathology.

14



Literature review

Considering the underlying pathology, LBP can lessified as specific or non-
specific. Specific LBP has identifiable causes saslspinal fractures, infection, cauda
equina syndrome, discogenic problems, etc., whiah be diagnosed and treated
appropriately (Manek & Macgregor, 2005). Non-specliBP is defined as pain not
attributed to recognizable known pathology (Vandiukt al, 2006). Non-specific LBP
accounts for the 90% of cases (Manek & Macgregdd52 Recurrent low back pain is
defined as a new LBP episode following a 6 mongmpiom free period and not an
exacerbation of chronic low back pain (Van Tuldeal, 2006). An earlier classification
known as the “diagnostic triangle”, divided low kapain into three categories: a)
specific spinal pathology, b) nerve root/radicutain, c) nonspecific low back pain
(Waddell, 1987). However, the “non-specific” isllshi very vague term which obscures
multiple conditions with different etiologies (Lebaf-Yde et al, 1997). This fact
commonly lead to the situation where the LBP disorés being treated without
considering the underlying mechanism of pain (Ollign, 2005). In order for a
classification system to be clinically useful itositd be able to identify the underlying
pathology which in turn can inform targeted interivens (O' Sullivan, 2005). For this
reason, it has been indicated the need for thela@went of clinically meaningful
subcategories which can speed up the identificatfarausal mechanisms (Leboeuf-Yde
et al, 1997) and treatment options.

Recently a classification system has been propbged'Sullivan (2005) suggests
three broad subgroups of CLBP disorders based@Bithpsychosocial model for LBP.
The first subgroup consists of disorders where heyels of pain and disability and
movement and/or motor impairments represent a skacgrand adaptive pathological
process. The second subgroup is when the causaimfip not due to pathological-
organic etiology but is from the forebrain followipsychological and/or social reasons.
The last proposed subgroup is due to abnormal merenr control impairments which
are associated with faulty adapting strategiesltiegun pain, chronic abnormal tissue

loading, disability and distress.
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The above categories are further divided into smnajroups according to the
characteristics of each of the three main groupsvéver, the proposed classification
needs further consideration and validation in otddye broadly used.

Relatively to the duration of pain, LBP is clag=if as (Van Tuldeet al, 2006;
Balagueet al, 2007):

Acute LBP (ALBP): < 6 weeks
Sub-Acute LBP (SALBP): 6-12 weeks
Chronic LBP (CLBP): > 12 weeks

This classification it is rather arbitrarily and ig not based on any scientific
evidence. It is a crude categorization system wldohs to distinguish chronically
different levels of low back pain without providirany information for the cause of

pain.
2.2.5Association between LBP and Disability

A historical review for LBP has reported that aligh LBP is known in humanity
for thousands of years, was always consideredrasuamatic disease and it was only the
19" century that LBP has been identified as a redudpmal trauma (Allan & Waddell,
1989). That promoted the new orthopaedic principietherapeutic rest which was
escalated after the mid ®@entury with the improved social support (Allanvgaddell,
1989). However, these changes in understandingnaathgement of low back pain
during the 18 and 28 century strengthened the development of chrordahility due
to back pain. For this reason, the belief that mu@¥P disability is iatrogenic is
reinforced (Allan & Waddell, 1989). Today it is &pted that psychological and social
factors are important determinants for the develamnof LBP disability and that fear of
pain it is rather more disabling than the painlit¢&/addell, 1996). This notion is
further supported by a review which reported stragdence about the role of
psychological distress/depressive mood in the nessjon from acute to chronic LBP

(Pincuset al, 2002). However, the role of fear/anxiety and dtvgm factors are not
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completely clear and require further consideraf®imcuset al, 2002). An earlier study
examined the relationship among chronic LBP, impaint and disability, and found a
weak relationship (Figure 2.3) (Waddeit al, 1993). In this study, severity of pain
accounted only for 10% of variance in impairmend arsability. This means that other
factors are contributing in large degree to thesttgyment of chronic disabling low back
pain. Additionally, fear avoidance beliefs correthtstrongly with the self reported
disability in activities of daily living (ADL) andabsence from work (Waddedt al,
1993).

. V DISI-:BILITY
PAIN I r=051
]
|
r=027
PHYSICAL
IMPAIRMENT

Figure 2.3The relationship among pain, impairment and diggkiNvaddell et al. 1993).

The fact that there is a weak direct relationshepMeen pain and disability and
stronger relationship between disability in ADL afehr avoidance beliefs, led the
authors to the development of a Biopsychosocial ehad low back pain disability
(Waddell et al, 1993). In this model the social environment, ads behavior,
psychological distress, attitudes and beliefs aath @ll play a central role in the
development of LBP disability. The relationship amgdhese factors may be the key in
understanding the nature of LBP disability (Waddetlal, 1993). Possible causal
pathways between low back pain and disability aens in Figure 2.4.
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Figure 2.4 Cognitive, behavioral and affective pathways padtd between LBP and disability (Waddell
et al, 1993).

The multidimensional nature of chronic LBP is déssd by many studies (Pincus
et al, 2002; Mitchellet al, 2008). Thus, the assessment and rehabilitatidavoback
pain should not only focus on the physiologicalnsigatnd symptoms but also on the
psychosocial aspects of LBP.

2.2.6Natural course of LBP

There is confusion regarding the long term courseB#® due to the variation in
definitions and the outcome measures used (Hes#taadk 2003; Manek & Macgregor,
2005). Some patients fully recover, some have rentiepisodes and others continue to
experience pain for years (Dunn & Croft, 2004hds been suggested that the majority
of acute LBP disorders resolve within a 4 weeksodeand only 10-40% become
chronic (Croftet al, 1998). However, Hestbaeit al. 2003 reported that there is no
evidence supporting the suggestion that 90% ogptirecover within a month’s time.
According to them a 42% to 75% of patients contitauexperience pain after 12 months
and a 44% to 78% of them had relapses of pain. thhdilly, the absence from work
due to LBP relapse ranged between 26% to 37% (Hek#t al, 2003). In terms of
severity, the occurrence of benign LBP tends taebse with age, after an observed
peak in sixth decade of life, but the severe pensid BP is increasing with age (Dionne
et al, 2006).

A recent cohort study revealed that only one tlofcgatients with chronic LBP
recovered within a period of twelve months (MeneZestaet al, 2009). The prognosis

was poor for people who took sick leave, had higdaldllity scores or pain intensity at
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onset, lower educational levels, as well as thbseight to be at increased risk for
persistent LBP. Interestingly, it has been suggegsteat symptom duration is an
important determinant for the prognosis of LPB (Bu% Croft, 2006). Patients with
symptom duration more than three years neededfis@mnily longer time to improve
than those with shorter duration. This finding & that surprising though, because it is
well know that presence of chronic back pain isallguelated with more complicated
pathologies including psychological and social dagt On the other hand, people with
acute low back pain improve rapidly within a feweke but recurrence episodes are
very common (Penget al, 2003). According to Penget al. (2003) 82% of those with
acute LBP returned to work within one month, bu¥/8f those patients had at least one
recurrence episode over a 12 months period.

It has been assumed that early identification dfepgs who are likely to develop
chronic LBP with function restriction is of greamportance because an effective
prevention needs appropriate patient allocatiohdalth care services (Hilfikest al,
2007). However, it has been found that current iptee instruments have moderate
ability to predict or explain function related oomges (Hilfikeret al, 2007). A recent
study reported that the prognosis of chronic LBfPnisstly determined by changes in
pain intensity and disability status in the firstee months of the disease (Heymanhs
al., 2010). Thus, a no clinically relevant changehiase parameters in the first months
of the disease can possibly imply higher risk foronic LBP development. Recently, a
9-item tool with good reliability and validity hdseen developed in order to classify
patients into three subcategories (low, medium, lagt risk) for targeted primary care
management (Hilet al, 2008). However, more high quality research isdeéeto prove
if such tools can have benefits in the LBP progan@sediction and consequently in the

effective management of this condition.
2.2.7Risk factors of LBP

In the literature, many factors have been mentiasedotential risk factors for the

development of LBP. Some of these factors are:a$poading, whole body vibration,

19



Literature review

smoking, low educational level, heredity, obesihealth status, physical activity,
lifestyle, social and work related factors, etc.

Daily spinal mechanical loading may be a risk fa¢tw the development of LBP:
long-term and intensive spinal loading especiallgiflexed position, has been strongly
associated with acute LBP (Bakket al, 2007 -a), with persistent low back pain
occurring in 60% of the same cohort after six mer{Bakkeret al, 2007 -b). However,
the same authors reported that spinal mechaniadlrig was not a prognostic factor for
the development of persistent and chronic LBP, dmbking and ageing were. This
finding may indicate that spinal mechanical loadldde a cause for acute LBP pain,
but in order for this pain to progress into chrobBP other factors (smoking, ageing,
etc.) are mainly responsible. However, a cause eifelct relationship cannot be
established from these studies and thus thesetgesah be perceived only as
indications. A recent literature review, includef 4tudies of good quality, reported
strong evidence supporting that sports, exercisgsng and prolonged walking or
standing are not associated with the developmentRBP (Bakker et al, 2009).
Additionally, they found conflicting evidence redarg activities involving: whole body
vibration, leisure time (repairing, gardening), wiag in positions with bent/twist trunk,
and heavy physical work. A prospective cohort studyl80 patients reported that
disabling LBP occurred to the one third of the gtpdpulation and was more common
among those with previous history of LBP, in oldges and in women (Thomasal,
1999). The risk for the development of LBP has b&emd to be twice as high for
people with previous history of LBP (Hestbastkal, 2003). Factors associated with the
development of persistent pain included: psychalmgdistress, poor self reported
health, low levels of physical activity, smokingsshtisfaction with work, duration of
symptoms, as well as restriction of spinal mobi{iijnomaset al, 1999). These findings
are further supported by another study which indgahe overall health status and
psychological factors as important predictors far tlevelopment of LBP (Kopeat al,
2003). Although, the findings from the above stsdiee very logical and interesting, the
representativeness of such studies is questioned tauparticular biases such as:
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selection bias, small sample sizes, and drop auisglthe follow up procedure in their
cohort studies.

Heritability is one factor that is also theorizeg rhany researchers to be a strong
predictor for the development of LBP. However, adstincluded 300 twin male pairs
reported that the majority of the variance in baekn was unexplained and only
moderate heritability estimates for LBP were fo(Bdttie et al, 2007).

Occupation is also strongly associated with thesgmee of LBP (Luomat al,
2000). The prevalence for sciatic pain found tosgnificantly higher in machine
drivers who exposed to whole body vibration anad ale prevalence for localized LBP
was higher in carpenters, where their work involphgsical work in various positions
(Luomaet al, 2000).

Despite the major research effort of various praifess over last 30 years, there is
not much progress in terms of identifying the cétyacontrolling the problem and
minimizing the risk for LBP (Marras, 2005). One sea for this fact, according to
Marras (2005), is the lack of communication betwdatiplines and the need to view
LBP causality as a combination of factors and nainfany single perspective applying
to a particular discipline. In this respect, Thetiblaal Research Council (2001), (a US
non-profit organization which aims to promote theguasition and dissemination of
knowledge in matters involving health, science,htedogy and engineering) has
suggested a conceptual model of how various factangplay a role in the development
of musculoskeletal disorders such as work-relatedkbpain and how different

disciplines may be interrelated (Figure 2.5).
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Figure 2.5A conceptual model for the role of various factiorthe development of LBP (National
Research Council, 2001).

The right dotted box symbolizes the interactionMgetn different processes within
the person such as biomechanical load-toleraneéiorship and how individual factors
and adaptations may interfere in this relationshipe left box indicates the workplace
and how this influences the persons in terms gf&ring sequences of events resulting
to injury and back pain. The arrows symbolize tifeecent disciplines (biomechanics,
medicine, epidemiology, psychology, etc.) attempted explain this relationship
(National Research Council, 2001).

A review exploring the relationship between physfeators and other risk factors
for the development of LBP concluded that theralvgays a biomechanical explanation
associated with these factors, which is often isefg attributed to genetic or
psychological reasons (Marras, 2005). This meaatthere is a lack of understanding
for certain variables of LBP. Thus, this conceptoaidel may be a good way to view
collectively the interaction between risk factorslainderstand the causality of LBP in

the workplace.
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2.2.8Conservative vs. surgical treatment for LBP

Invasive interventions (lumbar fusion, discectonayg often employed for the
treatment of CLBP or acute low back pain due toc dthology. However, no
difference has been found in the prognosis of laackbpatients between surgical
interventions and conservative exercises for tleattnent of chronic low back pain
(Brox et al, 2003; Fairbanlet al, 2005; Broxet al, 2006). Although surgical treatment
seems to be more effective for mechanical etiol@yg. disc prolapse), it is unclear if it
has positive or negative impact on the course efutiiderlying disc disease (Gibson &
Waddell, 2007). A study observing the natural hmst@f massive lumbar disc
herniations reported that the vast majority of theanbstantially resolved without
developing further complications such as caudareqayndrome (Cribket al, 2007).
Thus, it may be preferable to choose a non-invasoleeme as a treatment of LBP in
order to avoid undesirable adverse effects. Bevxal. (2003) found that the early
complication rates after surgery with lumbar fusiwere 18%. For this reason, it was
suggested that surgical treatment is advisable daty patients with severe and
debilitating symptoms (Lee, 2003). Moreover, Rivémas et al. (2005) reported that
surgical treatment might not be a cost effectivieitsan as it is approximately twice as

expensive as a conservative treatment regime (Ri&easet al, 2005).
2.2.9Exercise and LBP

Despite the availability of a wide variety of intentions for the treatment of LBP,
their effectiveness is not clearly documented dedrteed for better quality randomized
control trials is evident (Van Tuldet al, 1997b). Specifically, it has been reported that
exercise therapy is not more effective than otloeiservative treatment or no treatment
at all for acute LBP (Van Tuldest al, 1997b; Haydert al, 2005). This finding is not
surprising since the majority of acute LBP cases @used by injuries and improve
within a few weeks of onset. Thus, the symptoms@ite LBP cease along with the
healing process and in most cases there is no foeddrther interventions apart from
analgesics during the initial stages of the coaditiAdditionally, a recent Cochrane
review reported that there is some evidence of mateeuality supporting the statement
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that post-treatment exercise programs can prevanirnrence of LBP but conflicting
evidence for exercise as a treatment of LBP (Gtal, 2010). Two other systematic
reviews suggested that exercise therapy is slightye effective in reducing pain levels
and improving the function in patients sufferingrfr Chronic LBP (Van Tuldeet al,
1997b; Hayderet al, 2005). However, all these studies failed to idgmwhich of the
exercise regimens was more effective comparedherstdue to contradictory evidence
and only Haydert al. 2005 suggested evidence in favor of graded agtpribgrams for
sub-acute LBP patients, since it seems to improgeraeeism outcomes.

Cochrane systematic reviews are studies with higidibility and they are
respected by the community of health sciences. alitwve reviews suggested positive,
but not sound, outcomes of exercise especially aiemts with sub-acute and chronic
LBP. Despite the fact that the majority of the @vide included in those reviews was not
of high quality, their results encourage the usexarcise in the intervention regimens
of people with LBP. Nonetheless, the positive daffeof aerobic exercise on the
psychological and general health status of peapleell documented elsewhere and
does not need further reference in this documdmis;Tsince chronic LBP is nowadays
accepted as a biopsychosocial entity and not oslyaamedical or biomechanical
problem, exercise will only have benefits to pr@vighen it is undertaken with expert

advice.
2.2.10Key points
LBP has significant socioeconomic impact on soegetorldwide

There is a need for the development and use offiaittden and classification

system which can be widely and confidently useddsgarchers.

LBP is a multidimensional condition where sociayghological, environmental

and other factors are playing an important role.
There is no clear relationship between LBP andhilisa

The natural course of LBP has a varied trajectbigwever, it seems that the

majority of people recover within a short perioteabnset.
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Loading, physical work, general health statusyipres history of back pain,

physiological distress etc. may be risk factorsLiBP.

Conservative interventions are preferable for tteatment of LBP patients

without delimitating symptoms.

Exercise therapy may be a beneficial option foritttervention regimes of sub-

acute and chronic LBP patients.

2.3PAIN: A SUMMARY

Pain is a complex concept which is not fully untteed and for this reason is the
subject of investigation for many scientific stugli@lso, it is a very common experience
which affects people throughout their lives (Stretgl, 2002).

2.3.1Definition of pain

A definition of pain was devised by the InternatibAssociation for the Study of
Pain (IASP) which refered to pain as an “unpleasamisory and emotional experience
associated with actual or potential tissue damagdescribed in terms of such damage”.
Pain is a highly subjective experience and it igl dhat every person learns the
application of this word through experiences relai€injury in early life (IASP, 1986).
The above definition underlines aptly the physiatogs well as the psychological

components of pain.
2.3.2Pain classification

Pain can be categorized according to its duratioth itss causality. Thus, it is
classified as acute or chronic and nociceptive europathic pain respectively. Along
with the classification, some commonly used debng in the study of pain will be
presented below, as described by IASP (1986, p0)S22
Nociceptor “a receptor preferentially sensitive to a noxia@tsnulus or to a stimulus
which would become noxious if prolonged”.

Noxious stimulus‘a stimulus which is damaging to the normal tessu
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Analgesia “absence of pain in response to stimulation whwebuld normally be
painful”.

Nociceptive paircaused by the activation of nociceptive sensopnaxy noxious
stimuli and is normally finite, localized and demses with healing or the removal of the
noxious stimuli (Chong & Bajwa, 2003). It is assded with tissue damage and arises
from mechanical, chemical, or thermal stimulatioh n@ciceptors. The nociceptors
responsible for the detection of such tissue darmaagéheA andC nerve fibers (Loeser
& Melzack, 1999). If the pain persists after thenoal of the noxious stimuli and
without other evident pathophysiological causdsitikely to be due to psychological
reasons (IASP, 1986).

Neuropathic pains described as “pain initiated or caused by anary lesion or
dysfunction of the nervous system” (Merskey & Bokdi©994). Neuropathic pain is less
localized than nociceptive pain and it can occuareas where there is no tissue damage.
The patient usually describes symptoms like shgptiourning, aching etc. (Chong &
Bajwa, 2003). Regarding the definition of neuropathain, Chong and Bajwa (2003)
suggested that although this definition has higisi@ity it lacks specificity since not
all patients with nerve damage experience neurapgthin. Potential causes of

neuropathic and nociceptive pain are shown in EQué.
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Figure 2.6 Nociceptive & neuropathic pain (Nicholson, 2003).
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Although chronic pain is less understood and charaed than acute pain, it is
usually described as persistent pain which lastsenttoan three months which is the
expected time for tissue healing after injury (8tget al, 2002; Nicholson, 2003).

Acute pain is typically caused by tissue damagethrdactivation of nociceptive
mechanism at the site of injury (Loeser & Melzat899). Most people with acute pain
seek medical care although in most cases the paps fong before the healing process
has been completed. For this type of pain, medntalventions are helpful in order to
reduce pain levels and speed up the healing prdcesser & Melzack, 1999).

Chronic pain, such as chronic low back pain, isallgiactivated by an injury or
other tissue damage but may be maintained by d#wtors irrelevant to the cause of
pain (Loeser & Melzack, 1999). It is commonly asated with significant suffering and
with behavioural and psychological changes (Strengl, 2002). The vast majority of
people suffering from chronic pain seek medicalphlelit usually fail to receive an
effective treatment because the most treatmentsid@oonly temporary pain relief
without being able to resolve the underlying padigatal condition (Loeser & Melzack,
1999). Regarding the distinction between acute @nmdnic pain, Loeser and Melzack
(1999, p. 1609) mentioned that:

“It is not the duration of pain that distinguishesute from chronic pain but,

more importantly, the inability of the body to mes its physiological

functions to normal homoeostatic levels”.

The identification of the underlying pathology atite effective treatment of
chronic pain is a big challenge for the medical atiéd health professions. Conditions
such as chronic low back pain account for a respéetpercentage of those suffering
from chronic pain. It is recognized that a bettederstanding of the pathophysiological
mechanisms of such conditions is required. Howeweking into account the
subjectivity and the multidimensional nature ofstlExperience, this task has a high
degree of difficulty both for researchers and ciigus.
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2.3.3Pain pathophysiology

It is very important to understand the function dhe processes involved in the
production and modulation of pain. In this subsettsome basic information will be
mentioned regarding the mechanism of receptionpsimgssion, modulation or
maintainace of pain.

A receptor is a specialized part of the nervousugswhich is very sensitive to
particular changes in its environment (Stragtgal, 2002). As mentioned before, the
nociceptor is a receptor which responds to a tislumaging (or potentially damaging)
stimuli. The term nociceptor has its roots from thgn word nocere which means to
injure (Stronget al, 2002). Different terminology is frequently used the description
of visceral and muscle or joint nerves. Table (ZpBgsents the classification of

mammalian nerve fibers most commonly used today.

Table 2.3Classification of nerve fibers (Strong et al. 2002)
Fiber Function Group| Function AverageAverage
type fibre conduction
diameter| velocity
(m) (m/s)
A Primary muscle spindle | Primary muscle spindle 15 95
afferents, motor fibers afferents
to motor neurons
Cutaneous touch and |l Afferents from tendon 8 50
pressure afferents organs, cutaneous
mechanoreceptors
Motor fibers to muscleg - 6 20
spindles
Cutaneous temperature Il Deep pressure 3 15
and pain afferents receptors in muscle
Sympathetic - - 3 7
pregagliotic fibres
C Cutaneous pain IV Unmyelinated  nerve 0.5 1
afferents fibres
(unmyelinated);
sympathetic
postgangliotic fibres

In a noxious stimulus th& andC fibers in the peripheral nerves are activated.
nociceptors are small diameter fibers covered within myelin layer with conduction

velocity of 5-30 m/s. The activation of these fibarsually results in sensations of
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localized sharp and pricking pain (Stroagal, 2002). In contrastC fibers are slow
conducting (0.5-2 m/s) unmyelinated structuresywagrdiffuse, dull, and persistent pain
sensations (Stronet al, 2002).

Nociceptors do not exist in the articular cartilaggnovial membranes, lung
parenchyma, visceral pleura, pericardium and bwaispinal cord tissues (Millan, 1999;
Stronget al, 2002). In muscles, they are located in connedissie and the wall of
arterioles, whereas in joints they are located he foint capsule, ligaments, bone,
periosteum, articular fat pads, and around blocgsels (Millan, 1999; Strongt al,
2002).

These receptors are also called free nerve endiegsuse they are not equipped
with special corpuscular end organs (Schaible &Mrit, 2004). The majority of these
receptors are polymodal responding to various dtisuch as mechanical, chemical, and
noxious thermal (Schaible & Ritcher, 2004). If tiexious stimulus is sufficiently high,
action potentials are triggered and transmittedtih®y axon to the dorsal horn of the
spinal cord and the brainstem (Schaible & Ritcl2804). However, apart from their
afferent activity, nociceptors show efferent fuoo8 as well. This happens by releasing
neuropeptides from their sensory ending inducingiviies such as vasodilatation,
plasma extravasation, attraction of macrophages(Sthaible & Ritcher, 2004). The
central endings of the primary afferent fibers {neptors) activate synaptically the
dorsal horn neurons which are organized in diffel@minae (Schaible & Ritcher, 2004;
D'mello & Dickenson, 2008). Tha andC fibers terminate in laminae I-1l and a small
number of their fibers reach deep laminae, whefedtbers terminate in laminae IlI-VI
(D'mello & Dickenson, 2008). From there, the asaegdaxons in the spinothalamic
tract stimulate the thalamocortical system whichieisponsible for the conscious pain
sensation (Schaible & Ritcher, 2004). The pain s&ms has two main components: the
sensory discriminative aspect (involves charadies®f pain such as location, duration
and intensity) and the affective aspect of paindgonal) (Schaible & Ritcher, 2004;
D'mello & Dickenson, 2008). The sensory aspect ahpgs produced in the lateral
thalamocortical system consisting of the relay euaind the areas in the postcentral

gyrus. The affective component of pain is producetthe medial thalamocortical system
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comprised of the relay nuclei in the central andliaethalamus, the anterior cingulate
cortex (ACC), the insula and the prefrontal cor{€igure 2.7 ) (Schaible & Ritcher,
2004).

¢ anterior cingulate K
cortex (ACC) @ a: PN — - -
: insula : cortical areas
: prefrontal cortex i ., f Sl, Sllin I
Srnssrsssnarsnn i nnnansennnn k3 S ] 3mnatos,ansory 1
- cortex

medial thalamus

" A
lateral thalamus : Q‘

peripheral

tissue i
H— mEd'al} spinothalamic

— lateral tract

As fibre

sympatheti
axon e
4" motoaxon

Figure 2.7 Schematic representation of nociceptive systemdiBth & Ritcher, 2004).

The mechanism for the development of persistent [gaguite complex involving
a series of changes such as primary and seconglpeydigesia, peripheral and central
sensitization in which the neurotransmitters playiraportant role (Nicholson, 2003).
An important neurotransmitter found throughout tigevous system and utilized by the
majority of nociceptors, regardless of their sieglutamate (D'mello & Dickenson,
2008). Peripheral sensitization has been shownctwroafter inflammation due to
activation of intracellular signaling pathways suash different types of protein kinase
(D'mello & Dickenson, 2008). Central sensitizatiera pathological condition in where
an increased excitability of the spinal cord negra observed due to pathologically
increased input (Schaible & Ritcher, 2004). In moases the central sensitization
disappears with the decrease of the nociceptiviphpenal input. In other cases though, a

mechanism which causes persistent increase of 8grefficacy is triggered and such
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process could be responsible for the generatigpeddistent pain (Schaible & Ritcher,
2004).

Relatively to low back pain, the above mechanismslc partially explain the
generation of acute and chronic pain. In acute,pai@ symptoms disappear after the
healing process, and the nociceptive input is edlyiclecreased. However, in chronic
LBP, mechanisms such as central sensitization wrvglincreased nociceptive input in
the central nervous system or dysfunctions of imbit system can play an important

role and do not resolve.
2.3.4Pain Assessment

As mentioned earlier, pain is a highly subjectixpexience which is quite difficult
to quantify. In pain assessment many factors shbeldaken into account, such as
cognitive or other impairment and also the tooksdushould be validated in the specific
patient group (Breivilet al, 2008). The commonest and most reliable way ofsongag
pain is by using Visual Analogue Scales (VAS). Than assessment tool has been
shown to be superior to other pain assessmentssgaleerms of being able to detect
reliably meaningful differences in pain intensiBréivik et al, 2008). Measuring pain
levels is a useful way to assess intervention ooéso However, there is a limited
understanding of the association between pain sitierand disability. It has been
suggested that for pain caused by low back injuties relationship between pain and
disability is not linear (Turnegt al, 2004). Also, when pain level is 1-4 (in a 0-10ma
scale) a decrease of one point corresponds tocalipi meaningful improvement in
functioning, but for more severe pain (5-10) a fwaont decrease is needed in order to
reflect clinically meaningful improvement in funatiing (Turneret al, 2004). It should
also be mentioned that factors like: age, painase chronicity, medication usage and
multiple pain locations also play an important roledisability (Scudds & Robertson,
2000).

2.3.5Key Points

Pain is a subjective experience which has bothridigtative and affective

components.
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The pain is classified according to its origin &impathic and nociceptive, and
in terms of its duration as acute and chronic.

A andC nerve fibres are mainly responsible for the receptind transmission
of peripheral noxious stimuli to higher centres.

Pathological persistent excitability of nociceptoas lead to central sensitisation
which can result in chronic pain.

Musculoskeletal pain can be successfully assesgbdAgual Analogue Scales.

2.4THE SPINE

The vertebral column (Fig. 2.8) consists of a seé bones called vertebrae
making up approximately the 2/5ths of the totafgheiof the human body. In early age
the total number of vertebrae is 33. However, sdveertebrae in the coccygeal and
sacral region fuse and thus the adult spine cont2nbones: 7 cervical, 12 thoracic, 5
lumbar, 1 sacrum (consists of five fused vertebrae)l 1 coccyx (consists of four fused
vertebrae) (Tortora & Derrickson, 2009).
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Figure 2.8 The human spine (Tortora & Derrickson 2009).
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When the vertebral column is viewed from the sisigg(ttal plane), it forms four
normal curves. These curves increase the strerigtieovhole structure and protect it
from injuries. They also help in maintenance ofabak required for moving in the
upright position and in absorbing the shocks crkdig heel strike during walking.
Various pathological conditions may exaggerate tbhemal curves or create a lateral
deviation of the column resulting in abnormal cwvéhree common abnormal curves

are: kyphosis, lordosis and scoliosis (Tortora &riz&son, 2009).
2.4.1The Vertebral Body

Vertebrae form different regions of the spinal ocofuvary in shape, size and
mechanical properties. A vertebra consists ofrdarer disc-shaped part, the vertebral
body, which is the main weight bearing part of thextebrae. The posterior part is
formed by a bony ring, known as the neural arcmsisting of two laminae and two
pedicles from which arise seven processes (Fig@e(@/hite & Panjabi, 1990; Tortora
& Derrickson, 2009).

POSTERIOR §
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Superior articular process q F-
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ild— Body

Inferior vertebral notch

kI process

Spinous process

Inferior articular facet

Right lateral view

Figure 2.9The vertebral body (Tortora & Derrickson 2009).

The vertebral or neural arch along with the vedelrody, form the vertebral

foramen. The vertebral foramen of all vertebraenftine spinal canal which encloses the
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spinal cord, blood vessels, areolar connective agigose tissues. The notches of the
adjacent vertebrae create openings called thevertebral foramen enabling the spinal
nerves and blood vessels to leave or enter thd (Rakstangat al, 2006; Tortora &
Derrickson, 2009). The intervertebral foramen afgarticular importance since any
decrease in the opening (commonly due to interleatedisc herniation) can cause
compression of the spinal nerves and blood vesdalsh results in serious pain, locally
and in the lower limbs, which is commonly followeg neurological signs (burning,
numbness, sharp pain, etc).

It has been shown that vertebral strength decreaslesage (Bellet al, 1967). A
small loss of osseous tissue creates significast ¢d bone strength, for example, a 25%
decrease of osseous tissue causes more than 50&askem vertebra strength (Betl
al., 1967).

2.4.2Facet Joints

The facet joints, also called zygoapophyseal joilat® paired synovial joints
which link the vertebral arches of adjacent verebiCavanaught al, 1996). Their role
is to support and stabilize the spine and alsoréegnt injury by restricting excessive
motion (Cohen & Raja, 2007). They can support agprately twice body weight in
young people but their strength decreases with (8yeon & Hutton, 1981). In the
standing position about 16% of the load is carbigdhe facet joints (Adams & Hutton,
1980). This explains why sitting in unsupported iposs increases significantly the
loads on the intervertebral discs, which was regbrtoy other investigations
(Nachemson & Morris, 1964). The zygoapophysealtgogan carry significant amount
of spinal loads when the spine is hyper extendedv#&BGaughet al, 1996). In
unsupported sitting positions the lumbar kyphosisreased, leaving the facet joints
open, and thus the load is fully carried by thesrw¢rtebral discs. Asymmetric facet
joint loading, due to intervertebral disc narrowimgay be a potential risk factor for the
development of disc degeneration and back pain rgsd& Hutton, 1980). The
prevalence of facet joint disorders in people Watlv back pain varies between 15-45%,
with older patients showing higher prevalence (Mukanti et al, 2004; Cohen & Raja,
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2007; Manchikantet al, 2008). Lumbar facet joints are extensively inaged with free
and encapsulated nerve endings existing in the gaipsule, including nerves containing
neuropeptides such as substance P and neuropeftidéhich are important pain
modulators (Cavanauglet al, 1996; Cohen & Raja, 2007). Tissue damage or
inflammation in the zygoapophyseal joints is likety cause the release of specific
chemicals which irritate the nerve endings and Itesu low back pain symptoms
(Cavanaugtet al, 1996).

The movement pattern of the spine is mainly dependm the shape and
orientation of the facet joints (Figure 2.10) (Véh& Panjabi, 1990).

LEVEL ANGLE A (degrees)
L1-L2 25 (15-47)

L2-13 28 (17-51)
L3-L4 37 (15-57)

L4-L5 48 (13-70)

/ \ L5-St 53 (36-70)

Figure 2.103D orientation of facet joints (cervical, thoradiembar) (2.10-A) and in respect to the
sagittal plane (2.10-B) (White & Panjabi, 1990).

The orientation of lumbar facet joints is almostgemdicular to the transverse
plane, with an angle of approximately 18° (WhiteP&njabi, 1990). This type of facet
articulation allow greater ROM in the sagittal mafi.e. forward flexion) and less
movement in transverse and coronal planes (i.al awtation, side flexions). Thus,
although lumbar facets provide substantial rest&tan axial rotation, they cannot resist
effectively large shear forces produced during tmdhvflexion (Cohen & Raja, 2007). It

has been reported that the capsular ligamentscet faints are arranged in such way as
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to provide maximum resistance to flexion (Cyron &ttén, 1981). The angle of facets
in respect to the sagittal plane gradually incredisem the L1-L2 to L5-S1 (Fig. 2.10-B)
(White & Panjabi, 1990). In reality the facet jardemonstrate significant variability in

terms of orientation and shape.
2.4.3Intervertebral Disc

The intervertebral disc (Figure 2.11) is an impattanatomic structure which
constitutes 20-30% of the total height of the spowumn and consists of three main
parts: the annulus fibrosus (AF), the nucleus pmuUgaNP), and the vertebral end-plates
(White & Panjabi, 1990). These structures are ngafatmed of water, collagen and
aggrecan (large aggregating proteoglycans), wiéhhighest proportion of water and
aggrecan in the nucleus and lowest in the outeulasnand endplate. The collagen
shows an opposite profile (Siva al, 2006). The disc is an active and living structure
constantly functioning and serves as articulatietwieen the vertebrae and as a natural
shock absorber (Coventst al, 1945). It transmits, modifies and evenly disttésuthe
forces applied on the spine and without the dikesspinal column would be rigid and
could not meet the delicate needs of the body (Qyet al, 1945).

A B

— Vertebral
body
End plates

— Intervertebral

—\/ertebral - AD
body S

pine axis

Figure 2.11Scematic representation of intervertebral discmigsaggital cross-section anatomical
regions. B) 3D view showing annulus fibrosus lamreditructure (Smitlet al, 2011).

Annulus Fibrosus

The annulus fibrosus is a structure which encapssiitne nucleus and made off
fibrocartilaginous material (Jensen, 1980). The &mnumbar discs contain type I
collagen in 50-65% of total collagen proportion & Mui, 1977). No significant

variations exist in the relative proportions of égpl and Il collagens in the lumbar
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annuli fibrosi of individuals aged 5, 16, 59 andy&&rs (Eyre & Mui, 1977). Also, the

water content of the annulus stays relatively unged throughout adulthood (Twomey

& Taylor, 1985; Sivaret al, 2006). Annulus fibers are more numerous and éniek the
anterior aspect than the posterior and the fibktseoposterior annulus are also attached
to the posterior longitudinal ligament (Coventey al, 1945; Jensen, 1980). The
longitudinal ligament becomes thinner in the lumbaea, reducing significantly the
mechanical support so making the lumbar discs apenjuries. The disc fibers have
varying orientation and cross obliquely to eacheott an angle of +30° relative to the
disc. However, posterior and posterolateral fideage a more parallel orientation than
the anterior fibers (Jensen, 1980). This diffedntrientation of the disc fibers makes
the disc capable of resisting multiaxial loading@itions. The parallel orientation of the
posterior annulus is another factor which makes gbsterior annulus vulnerable to
injuries.

Cartilaginous end-plate

The plates are composed of hyaline cartilage vdtleells to arranged horizontally
(Coventry et al, 1945). They form the physical boundary betweea tther two
components of the disc and the vertebral bodies.efu-plates play an important role in
disc nutrition and possible dysfunction of thisusture may cause disc degeneration.

Nucleus Pulposus

The nucleus pulposus is a flattened bean shapeafanmlocated in the centre of
the disc, it is under constant pressure and forafealloose and translucent network of
fibrous strands which lie in a mucoprotein gel (@alk Galland, 1930; White &
Panjabi, 1990). The water content varies betweefi0P@ (White & Panjabi, 1990) and
decreases by approximately 6% in older adults (Teyo& Taylor, 1985).

It has been found that more than 85% of the coflaigethe human nucleus
pulposus at various ages was type Il (Eyre & M@if2). The lumbar nucleus occupies
30-50% of the total disc cross-section area argl dtethe junction of the middle and
posterior thirds of the disc (White & Panjabi, 1990he nucleus is more distinctive than

the annulus in the young and becomes less so ar attlilts (Coventrgt al, 1945).
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2.4.4Disc Innervation

The lumbar intervertebral discs are innervated bywanber of nerves. The
posterior and posterolateral aspects of the disctlae posterior longitudinal ligaments
are supplied by the sinuvertebral nerves (Bogelual, 1981). These nerves are formed
by the combination of the ventral primary rami dhe grey rami communicantes. Some
rami communicantes embedded in the connectiveetisthe disc deep to the origin of
psoas after crossing the intervertebral disc aodrrent branches of the communicantes,
with sympathetic origin, innervate the anteriordndinal ligament and the anterior
aspects of the discs (Bogdakal, 1981). In healthy discs, free nerve endings Haen
found in the outer few millimeters of the annulisdsus, where this region of annulus
is rich in collagen and exhibits tensile propertigth little or no compressive stresses
(Adams, 2004). The inner annulus and nucleus dnhigh hydrostatic pressures and
this may be a reason why nerve fibres and bloodelato not grow in those structures
(Adams, 2004). Nerve and capillary ingrowth hasnbebserved in degenerated discs
where the hydrostatic pressures are not high arslisha possible reason for the
development of chronic low back pain (Freemenal, 1997). However, others support
that vascular invasion deeper than the periphasyribt a distinct feature of degenerated
discs (Nerlichet al, 2007). In vivo studies, have suggested that dsom@ low back
pain is conveyed non-segmentally by visceral syhgiat afferents primarily through
the L2 nerve roots (Nakamued al, 1996).

2.4.5Disc Nutrition & Mechanical Properties

The intervertebral disc is an organic viscous elattucture able to withstand high
loads without disintegration (Virgin, 1951). Thdammation regarding the mechanical
behavior of the intervertebral disc under loadisgcurrently obtained by cadaveric
studies and in-vivo intradiscal measurements. Ritgarthe biomechanical testing on
cadaveric specimens, the big question is: can tdas® approximate the mechanical
properties of the living tissue? Also, it is stithknown what effect the fixation has on
the mechanical properties of cadaveric specimengh® other hand, in-vivo intradiscal

measurements should also be interpreted cauticsisige it is a highly invasive
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procedure, which definitely has an impact on thema lumbar kinematics and
consequently the forces distribution.

It has been suggested that the central region bfmar intervertebral disc
(nucleus, inner annulus) behaves like a pressurized (Adams et al, 1996). The
collagen and proteoglycan synthesis in the disds cel directly affected by the
hydrostatic pressure (Huttcet al, 1999). Also, proteoglycan content has found to be
decreased with age and degeneration (Rodriguet, 2011). It is well known that the
intervertebral discs are the largest avascularcstres in the body and their survival
depends on the barely sufficient supply of nutsedams, 2004). Although it is not
completely clarified, it is believed that outer atus is supplied by nutrients from the
blood vessels existing in the structures aroundativailus (Horner & Urban, 2001). The
inner annulus and the nucleus receive nutrientslifiysion through the cartilaginous
end plates (Horner & Urban, 2001). Endplate cagéildegeneration increases with age
and produces significant alterations in diffusi®ajasekaramt al, 2004). Today there
is evidence from histological studies indicatingmase of the blood vessels in the end-
plates, starting in the second decade of life, lteguin tissue breakdown which is
initiated in the nucleus pulposus (Boesal, 2002). However, the behavior of the end
plates with age and degeneration is unclear dtieetaonflicting results. Earlier studies
suggest that end plate porosity and permeabilityedese with age and degeneration
(Nachemsoret al, 1970) whereas current studies suggest the opp@itdriguezt al,
2011). Also, it has been shown that glycation etiff the annular mechanical behavior
(Wagneret al, 2006). Conversely, cell culture studies have ébtivat a decrease in the
oxygen supply significantly reduces the metabcdite rand that glucose deprivation is
fatal for the disc cells (Horner & Urban, 2001).i9s probably the reason why factors
causing decrease in nutrient supply (smoking, etam be risk factors for the
development of disc degeneration. Additionally,cdell density relies on nutrient
supply which has an inverse relationship to discktiess (Horner & Urban, 2001). A
recent study found that the cell density in nucleu§posus, endplate, and annulus
fibrosus decreased significantly from 0 to 16 yesrage without significant changes to

be observed thereafter (Liebschedral, 2011). Interestingly, the highest compressive
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forces are observed in the annulus, except fronotiter 2-4 mm which exhibit a tensile
skin behavior (Adamst al, 1996). In vitro testing revealed that the annusuthe most
important structure which determines the compresbihavior of the disc (Markolf &
Morris, 1974).

Nachemson was the first to measure in vivo intéelal disc pressures with a
needle like transducer inserted in the disc (Nadwen& Morris, 1964). In these studies,
Nachemson and his colleagues measured disc presausgatic positions (Fig. 2.12-A)

and during dynamic exercises (Fig. 2.12-B).

275

% 1 &

Yf 220 ﬁ

Figure 2.12Disc pressures (100% = 70 kPa) in the third luntise during certain postures (A) and
during exercising (B) (Nachemson, 1975; Nachem8ri6).

The static measurements included: sitting and stgngbositions, reclining,
holding weights of 9.1 and 22.7 kilograms, perforgiiValsava maneuver, etc.
(Nachemson & Morris, 1964). The dynamic measuremamtluded commonly used

40



Literature review

movements and therapeutic exercises such as: stpralitive back hyperextension in
prone, bilateral straight leg raise, sit-up withe&s bent, both knees to chest, back
hyperextension, and supine lying with legs elevdtdachemson & Elfstrom, 1970). It
should be noted that the values shown in Figur2 aré not absolute values of pressure
but represent percentages of pressure when compardie standing position. The
measured pressure during upright standing in L8 wis approximately 70 kPa and this
value was the reference point to relate the presstrom other postures showed in
Figure 2.12. In static measurements the pressuiigeisitting position was 30% higher
than standing and was further increasing with legriorwards or holding weights. In
absolute values the loads on the discs in the gd@atgtions varied between 100-175 kg
and in standing position between 90-120 kg (Nacloen®& Morris, 1964). They also
measured significant tensile loads (60-80 kg/cmZhe posterior aspect of the annulus
in normal discs. The Valsava maneuver also incteéise pressure in the disc, which
varied across subjects. This finding rejects easi@culation suggesting that an increase
in the intra-abdominal pressure can reduce theslaadthe discs (Bartelink, 1957).
Interestingly, the disc pressures observed when siigects were under general
anesthesia were about 1.5 kg/cm? which indicaterestant pressure of the discs
(Nachemson & Morris, 1964). In active exercises lighest loads observed were in
straight leg rising, active back hyperextensiond ait-up exercise with knees flexed.
This data may explain the increase of pain levelpdtients with LBP when adapting
specific positions or doing certain exercises (MNgecbon & Morris, 1964). This study
provides also valuable information for people conging exercise programs targeting
healthy or patient populations.

The results of these pioneer studies where funtkafied by more contemporary
evidence (Sateet al, 1999; Wilke et al, 1999). Sato reported that the intradiscal
pressure in degenerated discs was significantlyosdl compared to normal discs (Sato
et al, 1999). This is probably the result of the loaghsferring from the intervertebral
disc to the facet joints due to the collapsinghaf tlegenerated discs and particularly the
posterior annulus (Adanet al, 1996).
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2.4.6Disc degeneration & low back pain

Similar to all living tissues, intervertebral disssstain the effects of ageing and

degeneration. Battie and Videman (2006) have defthec degeneration as:

“a product of lifelong degradation with synchrordzeemodeling of discs

and neighboring vertebrae, including simultaneodapgation of the disc

_st_ructures to changes in physical loading and mesg® to the occasional

injury”.

Identifiable structural changes of the lumbar imetebral discs are likely to begin
in adolescence (Videman & Nurminen, 2004). Thelegp of disc degeneration is
multifactorial. Although many factors are respofisifor degeneration, the initiation of
the degenerative process remains unclear (Hadppaetlal, 2008). However, evidence
indicates that it is an age related process, lgrigd#luenced by genetic and mechanical
factors (Hadjipavlouet al, 2008). It has been observed that minor damagtheo
vertebral end-plates results in progressive strattichanges to the adjacent
intervertebral discs (Adanet al, 2000). This confirms the notion that the bodysad a
kinetic chain where structural changes at one pleiatl to adaptation from adjacent
segments. This can result in anomalous distribuifdhe forces on the disc surfaces and
the mechanical initiation of disc degeneration. Tegree of degeneration is classified
into five grades (Figure 2.13), with IV and V grad® be considered as degenerated
(Pfirrmannet al, 2001; Hangaet al, 2008).

GradeV

Degenerative Disc

Figure 2.13MRI images of discs classified from | to V (Hangaial. 2008).

Despite the numerous qualitative methods of evilgatlisc degeneration, the

comparison between studies is difficult due touheability of assessment methods and
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many times due to the lack of precision and relitgbof the measurement methods
(Battie & Videman, 2006).

Although the discs are targeted by various therpeinterventions, the
association between the degenerative changes andppaduction remains unclear
(Battie et al, 2004). An earlier review concluded no causal ti@ship between
radiographic findings and non specific LBP (Van der et al, 1997a). However,
although the degenerative changes increase withthgepossibility of identifying the
specific cause of LBP with radiographs is very [o#1%) (Van Den Boschat al,
2004). Conversely, other studies reported that mEgmowing is more strongly associated
with LBP than other radiographic features, espbcihen narrowing is observed on
two or more levels (Pyet al, 2004; De Scheppet al, 2010). This is further supported
by a classic twin study involving 300 monozygoti@alizygotic male twin pairs, where
disc narrowing was also the most strongly assatittetor with pain history (Battiet
al., 2007). Moreover, spinal stenosis has also beengly associated with the presence
of LBP (Kalichmanet al, 2010). Additionally, an MRI study, examined 164len
participants from different occupations, reportédttsigns of disc degeneration was
associated with LBP and also that sciatic pain associated with posterior disc bulges
(Luoma et al, 2000). In addition, annular tears are also higidgociated with the
history of frequent low back pain (Videman & Nurram 2004).

A retrospective study showed that in patients beldw years of age no
abnormalities revealed by the 65% of radiographs, the degenerative changes
increased with age to approximately 71% in patiaged 65 — 74 years (Van Den
Boschaet al, 2004). Osteophytes are the most common radiogrdipiding, with men
showing the greatest frequency, but disc narromrag more common in women (Shao
et al, 2002; De Scheppet al, 2010). Also the degeneration effects are morenprent
at the L4/L5 than the L2/L3 level, with the posterannulus more affected than the
anterior (Adamset al, 1996). In a community based study disc narrowias one of
the commonest radiological findings (63.9%), alomgh facet joint osteoarthritis
(64.5%) and spondylolysis (11.5%) (Kalichmetral, 2010).
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Other studies have underlined the significance eredlity in disc degeneration
since it explains approximately 74% of the varianc@dult populations (Battiet al,
2004). However, only a minority of the genetic ugfhces on back pain were due to
genetic influences affecting disc degeneration, #nsl highlights the complexity of
back pain (Battiest al, 2007).

2.4.7Muscles & Tendons

The trunk muscles are targeted by many therapeugoventions dealing with low
back pain, especially the abdominal and the sgrtensor muscles. The spinal muscles
and their neuromuscular control are necessary Herstability of the spine and the
movement generation (White & Panjabi, 1990). Acoaydo their position the muscles
which directly control the spinal movements areegatised aspostvertebraland
prevertebral(Fig. 2.14) (White & Panjabi, 1990). The postvbred muscles are further
categorised into deep, intermediate and superficigcles. Theleep musclegonsist of
short muscles connecting adjacent spinal procegsesculi interspinales), adjacent
transverse processes (musculi intertransversamyl those connecting the inferior
transverse processes with the adjacent laminae ealjowsculi rotatores). The
intermediate musclesconnect the transverse processes with the spipmeesses of
adjacent vertebrae. According to their region titermediate muscles are the multifidus
(lumbosacral region), semispinalis thoracis (thprasemispinalis cervisis, and
semispinalis capitis. Theuperficial muscles which are called the erector spinae,
consisting of the iliocostalis, the longissimus énel spinalis (White & Panjabi, 1990).
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MULTIFIDUS

Posterior view

Figure 2.14The spinal muscles (Tortora & Derrickson 2009).

The psoas muscle which is located in anterior asplethe lumbar spine is also
directly controlling the lumbar spine movementsisTimuscle although thought to be
primarily a hip extensor, is now recognized as mpdrtant stabilizer of the lumbar

spine which extends the lumbar spine increasinduhmdar lordosis (Herkowitet al,
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1992). The contribution of this muscle to the ftaxiextension of the lumbar spine is
weak and its fibers are distributed in such way thdend the upper lumbar segments
and flex the lower (Bogduk, 2005). However, sinoe psoas fibers act very close to
lumbar vertebrae line of rotation can only exeraBmoments but rather massive axial
compression loads (Bogduk, 2005). It has been agtuithat in activities such as sit-ups
the two psoas muscles are expected to exert onSH&L disc a compressive load equal
to 100 Kg (Bogduk, 2005). Tide psoas muscles cassipty cause LBP due to the
constant exertion of compressive loads on the lurdisas (Akuthotaet al, 2008). The
prevertebralmuscles consisting of the four abdominal musdles, rectus abdominis
which is primary acting as trunk flexor, and theeth obliquely oriented abdominal
muscles (from superficial to deeper) the externbligae, internal oblique, and
tranversalis abdominis. Additionally, other impaitanuscles, which indirectly affecting
the spinal movements, are the gluteal musclesdgtutmaximus, gluteus medius and
gluteus minimus) and the posterior musculaturenefthigh i.e. hamstrings (Herkowitz
et al, 1992). These muscles along with the abdominalctessare the major factors
controlling the lumbar tilt and the lumbosacral thm.

Apart from the musculature, the human spine is alsoounded by a complicated
network of ligaments. These uniaxial structures raast effective in resisting tensile
forces along the orientation of their fibers (WhitePanjabi, 1990). The main function
of the ligaments are to maintain spinal motion witbhysiologic limits, help keep fixed
postures with minimal muscle energy expendituretqat the spinal cord and provide
stability to the spine along with the muscles (Wh& Panjabi, 1990). The main
ligaments of the spine are the anterior and pastdongitudinal ligaments, the
intertransverse ligaments, the capsular ligamehts ligamenta flava, the interspinous
ligaments and the supraspinous ligament. Of padaticinterest is the posterior
longitudinal ligament which runs over the posteagpects of all the vertebral bodies.
This ligament is thicker in the thoracic region doecomes thinner in lumbar spine
(reducing the mechanical support to lumbar intéel@al discs) allowing mechanical
predisposition for lumbar disc injuries.
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Many studies have investigated the functional anatgiral changes of the spinal
muscles in people with low back pain. A recent gtreiewing evidence regarding this
issue reported that people with chronic LBP shaymificant atrophy in Type Il muscle
fibers, a conversion of fibers from Type | to TyHeand increased fatigability of
paraspinal muscles (Demoulet al, 2007). The paraspinal muscles of healthy people
contain a high proportion of slow-twitch fibers (@ ) which are responsible for
posture maintenance. It has been shown that fat@gfudumbar extensor muscles
increases the response time after a sudden perturba healthy people (Herrmaret
al., 2006). Patients with subacute and chronic LBPalestnate muscle EMG activation
imbalances during a symmetrical trunk extensioR talich is suggested to reflect the
physiological impairments associated with theirdiban (Oddsson & De Luca, 2003).
Also, patients with chronic LBP have increased lamBMG activity in the swing phase
during walking where normally the lumbar muscles ailent, and decreased peak
activity during the double support phase wheredaty the lumbar muscles are active
(Arendt-Nielsenret al, 1995). These changes correlated significantly wdin intensity
and probably indicate that motor performance duriggit is modulated by
musculoskeletal pain (Arendt-Nielsext al, 1995). Additionally, LBP patients show
decreased normal walking speed and a disturbeddic@dion pattern between thorax
and pelvis in higher speeds, coinciding with insesh stability of movement
coordination perhaps due to muscle guarding (Selled, 2001). The muscle guarding
hypothesis is also supported by a recent studyrtegphancreased EMG activity of
erector spinae and rectus abdominis during walkingatients with CLBP (Van Der
Hulst et al, 2010b). Disturbed lumbar spine and hip coordamaijduring sit-to-stand
and stand-to-sit) has also been found in patiertts subacute LBP (Shurat al, 2005;
Shumet al, 2007).

These studies suggested structural and functionsci®m changes in people
suffering from LBP. However, these studies haveesdv limitations and cannot
establish a cause and effect relationship. Thus, unknown if the structural changes

and activation imbalances precede LBP or vice versa
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2.4.8Key points

Facet joint orientation determines the movemertepabf each spinal segment.
Facet joint degeneration is directly associatedhwintervertebral disc
degeneration and is a possible source of low bagk p

Intervertebral disc narrowing is the most commagiagraphic finding which is
significantly associated with the presence of laglkopain.

Upright standing position creates less intradisgedssures than the seated
unsupported and flexed positions, mainly becausddid is shared between the
discs and facet joints during the standing position

Structural and functional changes have been obdemvérunk muscles of people
with LBP.

2.5KINEMATICS OF THE SPINE

Kinematics is the study of motion regardless of fibrees that causes the motion
(Robertsonet al, 2004; Winter, 2005). The study of kinematics ualgds linear and

angular displacements, velocities and accelerafidfister, 2005).
2.5.1Definitions

Since in the course of this thesis some terms a&fiditions will be continuously
used, it worth mentioning some of them in ordeavoid confusion. These definitions
are described by White and Panjabi (1990).

Rotation an object is said to be in rotation when the moaet of all its particles along
some straight line show zero velocity relative t@ference point. Rotation is an angular
displacement of an object about an axis which carlosated inside or outside the
rotating object.

Translation a body is said to be in translation when alpisticles at a given time have
the same direction of movement relative to a refezgoint.

Range of Motion (ROM) The difference between two points in the cour§eao

physiologic movement is described as the rangeatiom.
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Degrees of Freedom (DOFbne degree of freedom in motion of a rigid body i

described as the translation back and forth alostgyaaght line or the rotation back and
forth about a specific axis. The human spine alldwse-dimensional movement which
means that has six degrees of freedom (able tteratsout and translate along all three
orthogonal axes).

Coupling this term refers to the movement of an objeangtation or rotation, along or

about an axis while at the same time there isatioot or translation about another axis.

2.5.2Coordinate Systems

In order to conduct 3-D analysis of a moving boldgré is a need of defining a
system of axes which is called a coordinate sysfédm. method most commonly used
for defining a position in 3-D space is the Cadastoordinate system (Robertsetral,
2004). These axes are by nature orthogonal (98a¢b other) following the right hand
rule. Normally, a global coordinate system (GCSHd&ined and one or more local
coordinate systems (LCS). The GCS is commonly nawidd uppercase lettersYZ

and the LCS with lowercase lettesyz (Figure 2.15).

LCR X Z

»
»

GCS

Y < 0,0,0

Figure 2.15Schematic representation of global and local coatei systems.
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A common mnemonic way of defining the positive arefative rotation of an
axes system is the right-hand rule. According e thle, when curving the fingers of
the right hand around the axis of rotation, witk fingers indicating the direction of
rotation and then comparing the direction of themb relatively to the reference axis,
the sign of the particular angle of rotation candieéermined. If the thumb points in the
direction of a positive axis, the angle is positiveot the angle is negative.

In motion analysis with optical motion capture gyss, i.e. Vicon, Qualisys, etc.,
the global coordinate system is fixed to the latmysaand clusters of markers on the
moving body or segment form the LCS. When usingcaptnotion analysis systems, in
order to establish a LCS the use of a cluster odettor more reflective markers is
required. However, for motion recording with electragnetic motion devices i.e.
Polhemus Liberty, 3space Isotrak, Fastrak, ete, gburce (emitting low frequency
magnetic field) plays the role of the GCS and thessrs that of the LCS. The axes
convention used in the Bioengineering Unit gaitlabory (University of Strathclyde),

and partially used in this thesis is the one shiowigure 2.16.

Figure 2.16Anatomical planes and axes of movement, adaptedranified by (Winter, 2005).
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According to this conventiorX is forward/backwardy is the left/right direction
(medial-lateral) and is the gravitational axis (up-down). The combioatof these axes
forms the planes, for example th& axes form the transverse or axial plane, X&e
axes form the sagittal or anterior-posterior plaae] theYZ axes form the frontal or

coronal plane.
2.5.3Joint Angles

There are several methods used to describe thiveelaientation between two
reference systems or body segments. The most conmedimod is the Euler/Cardan
angles. The so called projection angles are formethe projections of the vectors of
the LCS on the orthogonal planes of the GCS (Davial, 1991; Coleet al, 1993;
Robertsonet al, 2004). Although the three unit vectors (x’, y’) of the LCS can
determine nine projection angles, only three ofnthare independent of each other
which correspond to three rotational DOF. Howevénese angles are not
communicative and must be performed in a specifqusnce. Twelve rotational
sequences can be used in total, with the firstioostaabout an axis of the GCS (X, Y, Z)
a second rotation about a floating axis (an axisclwhs dependant and changes
according to the orientations of the first anddhéixes) and the third is about an axis
fixed in the LCS (x,y,z) (Robertscet al, 2004). The difference between the Euler and
Cardan angles is that six out of twelve rotatiogusmices have a terminal rotation axis
identical to the first rotation axis (i.e. Xyx) amgfined as Euler angles. The other six
rotation sequences have different terminal rotatiom the first rotation axis (i.e. Z y x)
and referred to as Cardan angles. So, both EuteCandan angles describe the relative
orientation between two coordinate systems as aeseg of ordered rotations from the
initial position of the GCS, which has been als@irs® as sequence dependency (Cole
et al, 1993; Robertsost al, 2004).

In biomechanics the Cardan sequence of rotatiomoie commonly used and xyz
is one commonly used Cardan rotation sequence (€os&, 1993; Robertsort al,
2004; Winter, 2005). The relative orientation ofotwoordinate systems, for an xyz

rotation, is defined by a 3x3 rotation matrix [Rjhich includes a set of three
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independent angles under an ordered sequence aiforot(, , ). The angle is
designated for the first rotation, for the second rotation andfor the third rotation
(Robertsonet al, 2004). Thus, for a xyz sequence the rotation imdR] can be

described as:

[Rl=[R JR JIR«]

Where

1 0 0
[Rx] = 0 cosa sina
0 -sina cosa

cosb 0 -sinb
[R]= 0 1 o0
sinb 0 cosb

cosg sing O

[R,]= - sing cosg O

0 0 1

The above rotation matrices can be expressed azssice rotations with the
combined rotation matrix below:
cosb cosg cosgsinb +singcosa singsina - cosgsin b cosa
[R] = - singcosb cosacosg- sinasinbsing singsinbcosa +cosgsina
sinb - cosbsina cosa cosb

Due to inconsistencies in the usage of joint cowmth systems to determine the
relative orientation of two segments, Cole et 4093) have suggested a standard
method. Those authors found substantial differerioeshe representation of joint
orientation between different sets of body fixe@swf the joint coordinate system. The
usual procedure is to define a fixed axis in thexpnal segment, a second fixed axis in

the distal segment and have a floating axis defibgdthe two fixed axes. In the

52



Literature review

literature, these joint axes have been referreaktg & and é respectively (Colet al,
1993). Therefore, this proposal suggests a sequanc&ation where the first (fixed)
axis is defined as;éand describes the flexion-extension axis of thexipmral segment,
the second (floating) axis ag #®r the ad-abduction axis and the third (fixeg)aé the
long axis of the distal segment describing the laxatation. This standardized method
can describe orientation components of a joint twhare consistent with their
anatomical definitions, regardless of the defimtiased for the adjacent segment
coordinate systems (Coét al, 1993).

2.5.4Lumbar Kinematics

Kinematics of the human spine and especially thablr section is of great
interest both for researchers and clinicians. Lurmbage of motion is often used as an
outcome measure in LBP clinical trials or in moniitg patient progress after clinical
interventions. There is strong evidence suggestite lumbar range of motion is
decreasing with age (Bibkt al, 2008; Intoloet al, 2009).

In the literature, there are a number of studigaagudifferent methodologies in
order to assess the spinal ROM. This is the prgfthiel reason for the large variation in
the reported lumbar ROM values according to Taydod Twomey (1980). The
commonest methods used to explore the lumbar ROMide: a) radiographic, b)
cadaveric, c) direct in vivo measurement of the@alpROM, d) Photographic techniques
and e) theoretical mathematical modeling studiasoffiey, 1979; Taylor & Twomey,
1980). Measurement techniques such as flexicumdsskin distraction (Burton, 1986;
Einkauf et al, 1987; Fitzgeralcet al, 1991) are quite simple to use but they can only
measure movement in one dimension. Cadaveric studmay provide a false
approximation of the lumbar ROM because structlikesmuscles and ligaments have
been removed and may not reflect those obtainethenliving where body weight,
abdominal pressure and muscle action differentib&e condition (Twomey, 1979).
Radiographic techniques (Scheital, 1997) can provide accurate measures, mainly in
two dimensions but they are inappropriate for f@llop studies due to the exposure to

radiation and the expenses required. On the otreat photographic techniques are quite
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difficult to use but can provide information onlyrfthe sagittal plane, require significant
processing time and the accuracy of the measursmerjuestioned (Pearcy, 1986).
However, measurements with electromagnetic trackipgfems (Hindleet al, 1990;
Russelet al, 1993; Van Herpet al, 2000) seem to be more appropriate for clinical an
research environments. These systems can provalkdime information and are very
valid and reliable when the appropriate precautiarestaken (i.e. firm attachment of
systems’ source and sensor, use them away frommi@tpllic objects to avoid
interference). Although technology has been adwéintéhe last few years, there is still
a need for further developments in the current omeasent methods and for spinal
ROM employ new technologies (Lee, 2002).

A summary of lumbar range of motion across studigsing different
methodologies and study populations is describedable 2.4. The values presented
from each study are the weighted values amongcjgaatit groups of different gender
and age. The weighted means were calculated byipiyirig the values in degrees in
each participant group by the number of participamtthis group. Then the summations
of all group products were divided by the total fn@mof participants in each study (see

equation below).

Study groups

N

(A*a)+(B*b)+(C*c)

(@a+b+c)

Where A,B,C = Values in degrees for a particulavement

a, b, ¢ = the number of participanteach group

The difficulty in summarizing data presented infeliént studies lies on the

variability of methods utilized by different autlsoto present their data. This is evident
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in Table 2.4 in which due to missing informatiohwas not always possible to obtain
both mean values and ranges of ROM values.

In a cadaveric study of 200 fresh lumbar segmdmsange of motion in six gross
spinal movements was reported (Twomey, 1979). Bsalts of this cadaveric study
suggested an inverse relationship between ageusnlblak ROM. This is an important
finding which is reported by the majority of theidies investigating the effect of ageing
on lumbar ROM. However, the ROM values differ cdesably when compared with

those obtained by in vivo studies using differeetmodologies.
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Table 2.4umbar range of motion measurements (weighted meange)

Literature review

Study Characteristics

Flexion-

Extension (°)

Right — Left Axial
Rotation (°)

Right-Left Side
Rotation (°)

Study System | Age Sample | Inclusion Flex. | Ext. | Exc. | Right | Left | Exc. | Right |Left | Exc.
used (y) size criteria
((Twomey, Cadaveric | 1day- 200 24 hours of death 35| 13 48 19 19 38 15 15 30
1979) study 97years | (M&F) 24-45| 9-23 14-28 | 14-28 12-23 | 12-23
(Fitzgeraldet | Skin 20-82 172 No back pain the 29 27 28 55
al., 1991) distraction (168M,4F | last three months 10-44 15-40 | 15-41
, Gonio- )
meter
(Einkaufet Skin 20-84 109F No LBP history, 24 29 27 56
al., 1987) distraction No LBP for the last 36-18 24-36 | 20-33
, Gonio- three months
meter
(Hindle et al, | Isotrack 20-50+ | 80(40M, | No back surgery, 70 23 93 14 14 29 26 26 52
1990) 3space 40F) no LBP last 6
months
(Russelet al, | Isotrak 20-69 200 No spinal problemsg 67 21 88 31 47
1993) 3space (100M, , ho LBP for the 58-75 | 15-28 26-36 39-57
100F) last three months
(Vachalathiti | Expert 20-60+ | 100 (46M | No history of 42 21 22 43 29 32 61
et al, 1995) | Vision, 54F) serious spinal or | 33-48 20-23 | 22-23 24-32 | 29-35
Motion hip joint trauma
analysis
(Schuitet al, | X-rays 20-48 13 (9F, No LBP history, 60.6 20.1 80.7 30.6 31.9 62.
1997) 4M) No LBP the past 6
months
(Van Herpet | Isotrak 20-60+ [ 100 (50M,| No disability due to 56 23 79 13 14 27 26 26 52
al., 2000) 3space 50F) LBP, No LBP for 6| 51-59 | 37-15 11-19 | 11-19 26-15 | 26-15
months
(Trokeetal, | CA6000 16-90 405 (196- | No LBP History 72-40 | 29-6 7 7 14 28-15( 29-16
2001) SMA 209) last 12 months or
pain last 6 months
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This difference obviously accounts to the physiaaly and biomechanical
differentiation between the living and cadaverisstie and of course due to the
completely different testing conditions. The sanmhars, in a later study compared
these results with those obtained by 437 livingesttb of different age ranges and both
sexes (Taylor & Twomey, 1980). Although they foumdjood agreement between the
values obtained by cadavers and living peopleattwiracy of the measurement tools
used and thus the validity of the results is qoesti. Particularly, a significant
difference with the other studies (Table 2.4) iseed in the measurements for the
sagittal and coronal planes (Flexion-Extensiont-Rfht side bending). In contrast,
measurements from the transverse plane (axialionjamatch better with the other
studies. This fact may indicate that the measurén@ols used by those authors
(spondylometer, rotameter) may lack accuracy iatgreROMs.

One could assume that the lumbar ROM values olatdnyestudies using x-rays
would be more accurate and can form a sound baseofoparison with other studies
used different measurement tools. However, to titbo’'s knowledge, such studies
(Dvorak et al., 1991, Pearcy et al., 1985, Schuéle 1997) are not very common, can
lack accuracy and have very small sample sizeshwvhiake them unrepresentative.
Thus, any attempt for using these studies to adhasbaseline for comparisons is
difficult. However, due to the absence of high gyaladiographic three dimensional
studies, these studies can offer a better estiofdtee pragmatic lumbar ROM.

On the other hand, in-vivo studies using three-disi@nal tools like 3space
Isotrak seem to provide more consistent resultss T obvious in Table 2.4. when
comparing the results reported by (Hindkeal, 1990; Russett al, 1993; Van Herpet
al.,, 2000). These studies have adequate sample smkghair results show high
agreement in the majority of the movements measun¢erestingly, these studies also
show better agreement with the radiographic steghypnted by Schuit et al. 1997 and
this is an extra supportive fact regarding the escy of these measurements. This is a
very important finding since three-dimensional #l@magnetic motion capture systems
like 3space Isotrak are user friendly systems Withwn measurement accuracy (Pearcy
& Hindle, 1989).
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2.5.5Key points

Cardan/Euler method is most commonly used to desche relative orientation
of two coordinate systems or body segments.

Lumbar range of motion is decreasing with age.

Electromagnetic motion capture systems appear ta bheeful method for the
measurement of the spinal ROM.

2.6 BIOMECHANICS OF LBP
2.6.1Supported treadmill walking for LBP

Body Weight Unloading (BWU) during treadmill walkjin has been used
particularly in the rehabilitation of neurologigadtients (Toole et al. 2005, Wirz et al.
2005, Dobkin et al. 2006) and also for orthopaguitients (Mangione et al. 1996), as
well as in patients with gait impairments as a gattaining tool (Finch et al. 1991,
Vistivin et al. 1998). However, to the author’s kviedge, only one study has used this
technique for people suffering from low back pdm.this study, Joffeet al. (2002)
tested BWU during treadmill walking on 6 subacutBPL patients and observed a
significant improvement in pain scores between Ilaseline and post intervention
condition and for this reason they suggested nmmorestigations in this field (Joffet al,
2002). Interestingly, the majority of their patientvere diagnosed with lumbar disc
space narrowing, which has been previously repdddgk significantly associated with
low back pain. However, the small sample size dredabsence of control group does
not allow generalizations and firm conclusions frtms study, since any improvements
found can result form the natural course of badk.paso, in this study, the BWU was
applied with a harness fitted around the waist #mal thighs and thus the lumbar
unloading produced was less than optimal. Thusbteefit may have arisen from a
reduction in the transient shock vibrations in thesculoskeletal system after a heel
strike. A different study compared the effects mfatimill walking with BWU and
cycling when added to an exercise program for ptiwith lumbar spinal stenosis (Pua

et al, 2007). They found an improvement in both groups, no difference between
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cycling and treadmill walking with BWU. However, eluo several limitations, (drop
outs, absence of control group, interventions vpame of an exercise program and not a
sole intervention) the significance of these resultere markedly decreased and
consequently no firm conclusions can be drawnHerdffectiveness of BWU for spinal
stenosis back pain. A recent study suggested @0%atuhder-arm BWU during treadmill
walking decreases the compressive loads on the spsulting in spinal elongation and
also attenuates the magnitude of the transientkshawes, caused by the heel strike
during walking (Polloclet al, 2008).

Apart from the possible pain relieving effects ofvB treadmill training, there
may be other benefits from this approach, for mstathe aerobic and psychological
improvement of the patients (Scuwbal, 2001). Thomas et al. (2007) showed that older
women, after a 12 week under-arm BWU treadmillnireg program (40% of body
weight), had significantly reduced their walkingeegy cost per unit distance and also
significantly increased their walking speed andrtheechanical power output (Thomas,
2007).

Considering the gap in the literature regarding éfiectiveness of supported
treadmill walking for LBP and the potential bengf#uggested by Pollock et al. (2008),

it is sensible to suggest a well design randomeedrol trial to investigate this issue.
2.6.2Spinal Shrinkage-Elongation

Many studies have shown that the spinal heighuigested to diurnal changes.
This is the result of mechanical pressure appliedhe intervertebral discs, especially
the nucleus pulposus which consists of 80-90% watering upright standing. The
degree of height variation of the human spine dép@m the external loading (Tyrreit
al.,, 1985; Kanlayanaphotporet al, 2003) and possibly the activities performed
throughout the day. Height variation has been stligvith stadiomerty and Magnetic
Resonance Imaging techniques (MRI). Along with heigss, an increase of disc bulge
which is more apparent in the anterior part of lthwer discs has been reported (Park,
1997). In young adults, the mean diurnal variaticas found to be 19.3 mm (1.1% of
total height), with the 54% of the height loss txur in the first hour after waking up
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(Tyrrell et al, 1985). External loading increases the rate ohkhge and 70% of the
height loss is regained during the first half o€ thight rest (Tyrrellet al, 1985).
Additionally, with a period of 20-25 minutes of iag with an external load of 15% of
the body weight, older people (with and withoutarhc LBP) showed less height loss
than the younger ones, although older male pasantgp had longer recovery periods
(Kanlayanaphotpormt al, 2003). Another study reported an increased hegguavery
(2-3 mm), after a loading task, due to 10 minutaskbhyperextension (Kourtist al,
2004). Others found no difference between two reppyositions (hyperextension in
prone position, flexion in supine position) with height recovery of about 3.1mm
(Owenset al, 2009). However, the two latter studies lack dsgity due to small
sample size and absence of control group. Moreowedjfference has been found in the
vertical spinal creep of young asymptomatic sulsjester different times during the day
(morning, midday, evening) (Puntumetaked al, 2009). Contrarily, another study
(Healeyet al, 2008) found significantly less height loss, atidoaded walking task and
greater recovery in asymptomatic people, in therafton compared to the morning. A
similar pattern to the asymptomatic group was founydthe same authors, in a group of
chronic LBP patients, but without any significantfetence between the morning and
afternoon sessions. Additionally, no difference iasnd between pregnant and non
pregnant women, with and without LBP, in termstafre recovery after a loading task
(Rodacki et al, 2003; Fowleret al, 2005). Contrarily, chronic LBP patients exhibit
higher EMG paraspinal activity and delayed statteeovery, irrespectively of the
recovery position (Healegt al, 2005).

In respect to the effect of age on stature lossthadbility to recover the height,
studies have reported small or no differences andiffierent ages (Kanlayanaphotporn
et al, 2003; Reilly & Freeman, 2006). Also, it was sugpd that irrespective of age, the
spine is less responsive with the increase of ictduration and that healthy older
people subjected to spinal loading are not necdssrrisk unless the load exceeds
their capabilities (Reilly & Freeman, 2006).

Walking causes spinal mechanical loading dependanthe walking speed and

body mass (Callaghaet al, 1999). However, spinal loading during walkingbislow
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the force levels created during many other rehaklitin activities and thus the use of
walking in general rehabilitation regimes for LBPsensible (Callaghaet al, 1999). In
contrast, loaded walking (delivered with a standaall bag and with a load equal to
17.5% of total body weight) can produce a statoss lof approximately double that
observed in normal walking and an increased foriead ( 6°) and lateral bending of
the spine ( 12°) (Fowleret al, 2006). The long-term application of such loads ca
possibly result in intervertebral disc degeneratiole to abnormal walking pattern and
abnormal disc loading. Additionally, the loads dhd spinal shrinkage are greater while
working in a standing position compared to a gittone (4.16mm and 1.73 mm of
height loss respectively, after 6.5 hours of waflkgivseth & Drerup, 1997). On the
contrary, deep water running cause significantbg Igpinal loading and shrinkage when
compared to shallow water or treadmill running (Qewet al, 1998). This is obviously
due to the buoyancy effects which provide an egtraport to the body and probably
decrease the ground reaction forces. Swimming aatdrvexercises are widely used for
rehabilitation purposes because for the majoritpexdple they constitute a very familiar
and pleasant environment. However, a recent stadgd no difference in stature loss
between water and overground training, althougly tleported a facilitation of stature
recovery in the water based condition (Camilettal, 2009).

Interestingly, a study aiming to reduce the loadgsh® spine, by means of under-
arm BWU treadmill walking, showed significant inaee in the total spinal length1@8
mm) of young healthy males (Pollo&k al, 2008). Similarly, Rodacki et al. (2005)
suggested a positive relationship between body raadsstature change. They tested
healthy obese and non-obese individuals during anBtutes walking task, both in
unloaded (i.e. normal walking) and loaded condifjaith external weight of 10% body
mass) (Rodacket al, 2005). After every walking task a 30 minute pdrmf standing
recovery was given. They found that in both grothyes stature loss was greater in the
loaded compared to the unloaded condition. Howetler, obese individuals showed
greater stature loss in both task conditions asd ah inability to recover the stature loss
after the walking task regardless of the loadingdition. The non-obese subjects

regained approximately 76% of their initial heightcontrast to the obese individuals
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who on average continued to loose height during stending recovery period.
Regarding the recovery position, the gravity ingdrposition has been found to be most
effective for spinal recovery but is difficult talaeve without specialized equipment
(Healeyet al, 2005).

It can be assumed that the evidence regardingntt@vement of LBP in stature
loss and recovery are conflicting. Neverthelesanadploading has definitely an
important effect on stature loss, with the agediatt play a less important role.

2.6.3LBP and Vibration

Whole Body Vibration (WBYV) is described by manylauts as a risk factor for the
development of LBP. A literature review of epidefogic studies published between
1986-1997 concluded that professions with extensi@sure in WBV have increased
risk for LBP disorders (Bovenzi & Hulshof, 1999)arter reviews on this subject raise
the same concerns regarding exposure to WBV andaitedthe need for further research
(Seidel & Heide, 1986; Wikstromet al, 1994). Nevertheless, the LBP due to WBV
occupational exposure in Britain is less that #esociated with lifting at work (Palmer
et al, 2003). How can the exposure to vibration can beca cause for the development
of LBP? The combination of exposure to vibratiod &sading may explain partially this
association since the lumbar and lower thoracitebeas are subjected to the largest
compressive and shear forces (Vereerl, 2003). Studies examining the rheological
and biological behavior of porcine intervertebrascd under vibration reported an
exponential increase of dissipated energy withudeagy increase and suppression of the
proteoglycan synthesis in the nucleus pulposush@saet al, 1992). For long term
exposures, these effects can lead to intervertelsaldegeneration as a result of matrix
integrity disruption due to the decrease of prolgmn content in the nucleus pulposus
(Ishiharaet al, 1992). Conversely, an in vivo human study rewkaie significant
differences, in terms of average water content; disight, viscoelastic behavior and
compressive strength of lumbar vertebras betweeg-term exposed to WBV group
and age matched non exposed subjects (Dretwgd, 1999). A recent in vitro porcine

model study reported significant increases of ladiom occurrences in the specimens, as
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compared to the control ones, subjected to fleexiehsion repetitive tasks under
1400N applied compression in a 5Hz frequency (GregoCallaghan, 2011).

Human in vivo studies using accelerometers haven bessessed the
transmissibility of the vibratory input through tlsgine. A study replicating industrial
vibration environments in different vibration frezncies found that the greater vibration
transmissibility occurs in frequencies around 5HY¥ilder et al, 1982). The same
authors reported decreased EMG signals suggestiatigae of the spinal musculature
after an exposure to vibration of more than 30 te@suAnother study, measured lumbar
vertebra vibration frequencies directly with pitaghed transducers, suggested that in
the unsupported sitting position frequencies betwiear and five Hz should be avoided
(Panjabiet al, 1986). In addition, it has been shown that dfteze hours of exposure to
vehicle WBV (2Hz), the participants shrunk by 2.thriess than the non exposed group
(Hampel & Chang, 1999). Moreover, the same authepsrted an increase in height
after the first hour in the WBYV exposed group b¥ tnm, and this coincides with the
finding of another study which showed an increaskdight by 1.8mm after one hour of
4Hz WBV exposure during driving environment simigdat(Bonney & Corlett, 2003).
However, the use of accelerometers for the studyilmfation activity on the human
spine has been questioned since concepts likeesioomtter artifacts and the linearity of
human dynamic responses have not yet been adeguatgiessed (Sandover, 1988).
Thus, if we combine the suggested biological effedertain frequencies and the
muscular response to long term vibration exposwve, can assume a possible
association between vibration and the developméntB®. Additionally, it has been
found that LBP patients have about 20% less vibnatttenuation capacity when
compared with other groups (healthy, menicectomizeainful knee) (Voloshin &
Wosk, 1982). This is very important since the daseeof the shock resulting from the
heel contact during walking has been found to beefieial for patients with chronic
low back pain (Wosk & Voloshin, 1985).

Over the last few years there has been an incigase of vibrating systems
within the routine exercise training regimes. Sgistems are unlikely to cause any

significant improvement in the performance of agdeor well trained young people
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(Cardinale & Wakeling, 2005). However, it has bsbhown that weight-bearing exercise
in conjunction with WBV improves significantly theimbosacral proprioception of
healthy people (Fontaret al, 2005). This may have some implications to LBHegpes
since they have impaired lumbopelvic propriocept{@isullivan et al, 2003), even
though, vibrating systems may not be the most ap@te for LBP patients. Doubtless,
these systems should be treated with caution threilneurophysiological mechanisms
involved are completely understood (Cardinale & \ladg, 2005).

In summary, these results might have implicationsthe treatment of LBP,
because both compressive loads and vibration cdtm®dvalking can be considered as
aggravators of LBP (Voloshin & Wosk, 1982). Morenveibrations in frequencies
around 5Hz have the greatest transmissibility i tiiman body (Wildeet al, 1982)
and therefore it is suggested that these be avoédeédcially in unsupported sitting
positions (Panjabet al, 1986). Thus, the potential control of compresdoads and
vibrations, in combination with the benefits of @@c exercise may have positive

impact in the treatment of LBP.
2.6.4Treadmill vs. Overground walking

Gait analysis is a major component in biomecharstalies which provides useful
information for the gait pattern of the study paiidn. Thus, it is worth reviewing the
biomechanical and physiological characteristics treladmill walking and also to
compare these with over-ground walking. Many stsidiave considered the differences
between overground and treadmill walking in ternfisteanporal, kinematic, kinetic,
muscle activation and metabolic parameters.

In most gait laboratories over-ground data capistgnited to 1-2 gait cycles due
to space and camera restrictions. This is not bl@nmoin treadmill gait analysis which
provides a controlled setting where the captureimel and the number of cameras can
be significantly reduced and multiple gait cycles de analyzed (Mats&s al, 2000;
Riley et al, 2007). However, because treadmill walking isially an unfamiliar
experience it is suggested that, in order to obtliable data, a treadmill familiarization
period is required (Tayloet al, 1996; Matsa®t al, 2000; Wasst al, 2005). This is
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very useful since treadmill walking it is not ant@uated task and requires continuous
attention (Regnauet al, 2006). For healthy unimpaired adults this famitiation time
was suggested to be 4 min for the joint kinemaficsylor et al, 1996; Matsa®t al,
2000) and 6 min for the temporal-spatial paramdfdiegsaset al, 2000). However, this
time is significantly increased for healthy oldeluis and rises to 14 min (Wastal,
2005). Longer familiarization times, especially tdder adults may result in fatigue and
thus multiple familiarization sessions were sugggs{Wasset al, 2005). This
difference in familiarization time in older peopteay be explained by the age related
changes affecting postural control (Woollacott & uBtway-Cook, 2002). This
information is very important for the validity aeadmill gait assessments.

In terms of the temporal characteristics of gaitleRet al. (2007) found no
significant differences between overground anddimglh walking apart from a slightly
larger stride length in overground walking whichswattributed to the greater walking
speed. Lee and Hidler (2007) reported shorter svaeind stance times on treadmill
walking which was partially confirmed by Alton et. §1998) who also suggested
shorted stance times but higher cadences on tréadafking (Alton et al, 1998; Lee &
Hidler, 2007). In another study comparing overgiand treadmill walking (Murragt
al., 1985) at different speeds (slow, normal, fadtg authors found no significant
differences but they reported a trend at all spefed shorter step lengths, faster
cadences, shorter swing phases, and longer douplgo’ periods during treadmill
walking. A similar study, comparing the two walkingodalities during very slow
(0.20m/s, 0.30m/s) and normal walking speeds, tedoshorter stride lengths and
slower cadences during normal walking (Nymatkal, 2005). No differences in the
temporal-spatial parameters, between the walkingditions, were found by another
study and only the double support time was sigaifity higher in treadmill walking
(Parvatanenet al, 2009).

Regarding the kinematic differences of overgroumd @readmill walking the
literature is consistent reporting small or insfguaint differences. For example, Riley et
al. (2007) for the sagittal knee and hip kinematic=ported statistical significant

decreases in peak flexions and extensions in geadmnill walking, but with absolute
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differences of about 1.5° which cannot be consalareportant. This finding is in
agreement with other studies which also foundgaiitant increase of hip flexion
(Alton et al, 1998; Parvatanerat al, 2009) and knee extension (Parvatanenal,
2009) of the same magnitude during treadmill wagkiBimilarly, Lee and Hidler (2007)
found no significant differences apart from a dasesin knee ROM of approximately 2°
in treadmill walking. This is further supported byother study (Nymarkt al, 2005)
which also reported no difference between treddamtl overground walking during
different speeds. Other researchers (Muretyal, 1985) found a decrease in hip
extension and dorsiflexion in stance phase of apprately 3°, during different speeds
on the treadmill. Collectively, it can be assumieat the kinematic differences, between
treadmill and overground walking, cannot be congdeas important and can be easily
attributed to the normal gait variability.

In the same way, overground and treadmill walkingdpce similar walking
patterns and have small or no kinetic differen&agarding the ground reaction forces
(GRF), some studies report lower vertical forcegmbroximately 5% during push-off
on treadmill walking (Parvataneni et al., 2009, Whet al., 1998), others reported
decreased GRF maxima in all directions (AP, ML,(Rjley et al, 2007) and others no
statistical significant differences in all GRF dgitreadmill walking (Lee & Hidler,
2007). Some differences in GRF may explained froenvariations in the treadmill belt
speed during the heel contact (Savelber@l, 1998) or due to different force plates
used each time between treadmill and overgrouncimgl(Lee & Hidler, 2007).
Likewise, in terms of joint moments and powershaligh studies report significant
decreases during treadmill walking, these cannotdgarded as important since the
absolute difference is small (Lee & Hidler, 200TeR et al, 2007).

Although overground and treadmill walking appeab&biomechanically similar,
the average heart rate (Murray al, 1985; Parvataneret al, 2009) and the oxygen
consumption (Parvataneat al, 2009) seem to be significantly higher during dredl
walking. However, in terms of muscle activity, ondynall changes were observed
between treadmill and overground walking (Muretyal, 1985; Nymarket al, 2005;
Lee & Hidler, 2007). Although insignificant, Murrest al. 1985 showed that the average
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EMG activity of the lower limb muscles was greatertreadmill walking at different
speeds. Contrarily, other studies showed a moiahtarEMG activity. Specifically, the
Tibialis Anterior showed a slight increase in EMG imitial contact and a decrease
throughout stance during treadmill walking (Murratyal, 1985; Nymarket al, 2005;
Lee & Hidler, 2007). Rectus Femoris and Gastrocdoas) exhibited decreased EMG
activity during treadmill walking in early to midsice which was increasing
significantly in late stance and swing phases (lslyiat al, 1985; Nymarket al, 2005;
Lee & Hidler, 2007). However, EMG measurements &hbe interpreted with caution,
due to the fact that there is a big variability agostudies in terms of treadmill
familiarization times of the participants and EM@phcation sites, which can result in
various muscle activation patterns.

In summary, it can be assumed that treadmill artgreund walking do not differ
markedly and can be interchangeably used for gdraining or other rehabilitation

purposes.
2.6.5LBP and spinal ROM

Not many studies have explored the effect of LBP patient spinal ROM,
although ROM measurements is one of the most commethods used by the
physiotherapists to assess the disability levethefr patients (Battiét al, 1994). In
contrast, there are numerous studies in the lisrateporting lumbar range of motion
measurements of healthy participants. Neverthelgbg, sensitivity of ROM
measurements as an outcome measure has been gbadl{®cgregoet al, 1995), with
others reporting poor correlation between lumbaxifin and disability (Sullivart al,
2000). On the contrary, a strong relationship vasfl between segmental movements
and pain in chronic low back pain patients (Dicletyal, 2002). However, the latter
study used percutaneous screws in order to idetmtige-dimensional movements of the
vertebras and this may be a factor which complgc#te movements and the reported
pain levels. Mcgregaet al (1995) reported no differences between LBP ptdiand the
control group in lumbar back ROM, except for lumHBaxion, while the velocity of all

movements was significantly decreased. Likewiseamother study the flexibility in
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flexion and extension was reduced, by 25% and #lecity in flexion by 50%, in the
LBP group when compared to the control group (Ma&aNongsam, 1986). The latter
study suggested that the reduced back ROM may eédaprotective muscle guarding
in order that the moments and the forces are reduthis is a common theory
suggested by many authors. In addition, a studgnexag the lumbar spinal movements
during gait in patients with mild LBP reported srttoand symmetric walking patterns,
without evident lumbar motion abnormalities (RoweVhite, 1996). However, in this
study apart from the small sample size, the papeait levels were very lowa{= 8%)
and it is known that pain levels below five (in 4@ VAS scale) do not imply severe
decrease in functioning (Turnet al, 2004). Therefore, patients with higher pain lsvel
may reveal altered gait and lumbar kinematics. Heurt people being at risk of
developing LBP, like heavy laborers, although tkheynonstrate a gradual decrease of
the lumbar ROM with age, they do not appear to Hags lumbar mobility than the
normal population (Hasteet al, 1996).

Regarding the usefulness of low back ROM as anoowgécmeasurement for the
monitoring of LBP patients, some authors suggegtetiould not be used (Sullivaat
al., 1994; Mcgregoret al, 1995) and the motion velocity should be usedesu$t
(Mcgregoret al, 1995). However, such statements exceed the gesdlidity of those
studies due to methodological drawbacks and alsotduhe high degree of variability
in lumbar ROM measurements, where some measuralg (ice. inclinometers) may be
problematic in detecting impairment (Sullivaat al, 1994). Additionally, the
relationship between spinal range of motion andlligy it is not completely defined,
especially for chronic low back patients where #egod could have normal range of
motion while appearing severely disabled. On tleiohand, the use of motion pattern,
particularly the velocity, as an outcome measurenos judged to be an objective
measure. Decreased motion velocity could be thdtre§pain sensitization and fear of
re-injury, and it is highly affected by subjectifactors like mood, fear, motivation, and
thus it is difficult to be used as objective partenén repeated measures. Whereas ROM
measures, when used with adequate tools and itisttucan be a far more objective

measure of the functional status of the spine. lijinalthough it appears that lumbar
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motion of mild LBP patients do not changes markedilying gait (Rowe & White,
1996) or during gross movements on the coronal tamgisverse planes, significant
reductions were found in lumbar sagittal motion asgecially the flexion (Marras &
Wongsam, 1986; Mcgregoet al, 1995). Lumbar flexion is one movement which
demonstrates the highest ROM. This may be an itidicghat in movements with high
ROM, the moments created at the motion extremegaagte the pain and thus these
ranges are avoided by the patients or a protectiuecle guarding mechanism may

subconsciously be activated and automaticallyiotghre excess ROM.

2.6.6Key points

There is a gap in the literature regarding the céffeof supported treadmill
walking on LBP Patients.

Using 40% under-arm BWU treadmill walking it is pdde to elongate
significantly the spine and attenuate the transgmicks created by the heel
strike during walking, and these can have benéficigolications on LBP
patients.

Spinal loading is an important factor in staturesland recovery.

Exposure to certain vibration frequencies may beslafactor or aggravator of
LBP, which can possibly contribute to disc degetiena

No clinically important differences exist betweeradmill and overground
walking in terms of: kinematic, kinetic, temporgagial and muscle activation
parameters.

Movements with greater ROM seem to be affected nmorpatients suffering
from low back pain, particularly forward flexion.

2.7LITERATURE SUMMARY

This literature clearly showed that LBP constituges important socioeconomic
problem which is not well understood. Factors bkénal mechanical loading and spinal
vibrations may play an important role in the depehent or aggravation of LBP. Also,

structures like intervertebral discs and facet tpiare common origins of LBP and
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significantly affected by mechanical loading antbrations. Aerobic exercise may be
useful, as part of a conservative therapy regiméB¥P patients and there is evidence to
suggest that walking on a treadmill with under WU may have beneficial effects on

spinal shape, loading, range of motion and paialtesf LBP patients.

Hence, in this study, we propose to examine sdieally the use of under-arm
BWU treadmill walking with patients with LBP. Convigonally, the BWU is applied
with a harness around the waist and the thighs thighintention to reduce the ground
reaction forces in the lower limbs (Jo#eal, 2002). However, in this study we will use
under-arm BWU (Thomas, 2007; Polloek al, 2008) with an unloading equivalent to
40% of body weight as has been suggested by Patoak (2008). We hypothesize that
the decrease in the compressive spinal loads dwatiging produced by the under arm
BWU in LBP participants will result in spinal eloatgpn, improved spinal shape,
improved spinal range of motion and analgesic &fewhen compared to non-BWU

walking of similar time duration.
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CHAPTER 3 METHODS: POLHEMUS VALIDATION
3.1INTRODUCTION

This chapter presents the validation process ofPtblbemus Liberty which was
used as measurement tool in the main study ofthieisis, described in Chapter 4. The
chapter begins with a short background followedthy methods used throughout the
course of the validation process and the presentatf the results. The chapter ends

with a brief discussion of the findings and witle tlelevant conclusions.

3.2BACKGROUND

Non-invasive techniques for the assessment ofghmalsRange of Motion (ROM)
are frequently used in biomechanical and clinitaties to identify motion deviations,
make diagnosis, plan the appropriate treatmentadsw monitor patient progress. Over
the last years there has been increasing discussgamding the dangers of exposure to
radiation from repeated radiographic assessmentthefprogression of the spinal
curvature especially in spinal pathologies suclsamdiosis, in both adults and childern
(Doodyet al, 2000; Kleinerman, 2006). Thus, the need to userdtive technologies is
of great importance. Many different non invasiveht@ques are available at the moment
for the evaluation of the spinal curvature and emofymotion. However, the validity and
reliability of surface spine measurements is frediyequestioned due to the systematic
and random errors produced by the systems andstre.u

Three dimensional motion analysis systems like Wiace widely accepted as very
accurate and valid. However, Vicon like systems wagey expensive, not portable,
require significant expertise to operate and comsetly are very difficult to use in a
clinical setting. On the other hand, the Polhemieity is a 6 Degree of Freedom
motion capture device, which records positional afular data, and it is also
inexpensive compared to Vicon and more importaistiyortable. It is assumed that the

Polhemus device will be ideal for the evaluatiorspinal range of motion and possibly
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under certain conditions can be used for the tldiegensional reconstruction of the
spinal curvature.

To our knowledge there is no other study in therditure describing the validity of
the Polhemus Liberty for the measurement of sgR@M in humans. Earlier versions of
this system have been tested and recommended riesi&logic research (Aet al,
1988) and have been used for the measurement ofrtiiar range of motion (Hindlet
al., 1990; Russett al, 1993; Rowe & White, 1996; Van Hegp al, 2000). Van Herpt
al. (2000) used the 3Space Isotrak to measure the ROMe lumbar spine in 100
healthy participants. They measured the spinal R@ONIx gross movements (forward
flexion, extension, lateral bending to the lefihigand axial rotation to the right/left)
and compared their findings with published datamfrelectrogoniometry and 3D
radiography studies. They found that their ROM ealuas well as those from
electrogoniometry studies where in excess of tHeegareported from 3D radiography
studies. However, their values showed a greatel l@vagreement with X-ray data than
the data from electrogoniometry studies.

The 3Space Isotrak device comprises of a sourcergtmg a low frequency
electromagnetic field and one sensor which detezmthe position relative to the source
and can measure only one body segment at a time.Litberty device is a more
advanced version which can take up to eight sen3tiis fact allows greater freedom
for measuring multiple body segments simultaneoushe findings of Van Herpt al.
(2000) interestingly showed that these deviceshsdter approximate the actual ROM
of the spine than other measuring systems. Howévetate, there are no studies in the
literature to have examined the validity of the drly or of the older version with a
criterion measure. Thus, the main aim of this stisdp establish the concurrent validity
of Polhemus Liberty for the measurement of spin@MRwith the Vicon. Concurrent
validity is established when the performance of @asuring instrument is compared
against an independent standard, when measuringathe entity at the same time (Sim
& Wright, 2000). We expect that the spinal ROM megaments with the Polhemus
Liberty to have a high level of agreement with atablished criterion measure like the

Vicon system.
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3.2.1Aims

The aim of this study is to:

“Establish the concurrent validity of the PolhemusLiberty with the Vicon for the

measurement of spinal Range of Motion on healthy Vanteers”.

Secondary aims:

Test the accuracy of Polhemus measurements onncustade rigs simulating
spinal segments.

Examine the test-retest reliability of repeatednBoius measurements of gross
spinal movements.

Address possible operational problems e.g. methogknsor attachment. This
pilot study is the first part of a larger study ainiwill measure spinal parameters
of low back pain patients. This study is expectedptovide useful feedback
regarding the feasibility of the suggested protasderms of producing sensible
data under repeated measures. Although the mosatapeal parameters (i.e.
method of attachment of Polhemus source/sensorsg Heeen addressed,
pragmatic measurement such as this can also renethlbdological/operational
problems.

3.3METHODS
3.3.1Introduction

The testing process of the Polhemus was a two gtepedure. At first the
accuracy of the system was tested on custom madal §egment simulation rigs with
inter-segmental plastic goniometers. Thus, angdegdcsimultaneously measured by the

goniometers, the Polhemus liberty and the Viconesys The next step was to compare
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simultaneous Polhemus and Vicon measures on heattlopteers who perform gross
spinal movements. Finally, repeated Polhemus measuere compared from the same

healthy volunteers when performed the same movenmentwo different occasions.

Measurement tools:

Polhemus Liberty: electromagnetic motion trackiggtem
An eight camera motion analysis (Vicon 620, OxfddkK) system was used at
120Hz. Vicon has extensively used in research,cahefor gait analysis, and
its accuracy and validity is widely accepted.
Setting:
The study was conducted in the “Biomechanics 3”ofatory at the

Bioengineering Unit of the University of Strathce:d
3.3.2Polhemus Liberty Description

Polhemus Liberty (Figure 3.1) (Colchester, U.S.5&.)six degrees of freedom
electromagnetic motion capture system which congi$ta station, a source and up to
eight lightweight wired sensors. Other models ohBmus Liberty can host more than

eight sensors with the option to be wireless.

Source RS-232
External
sync ———» <+— USB
<._
<._
Powe Sensors

Figure 3.1Polhemus Liberty
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The source emits a low-frequency magnetic field thiedsystem can determine the
position and orientation of the sensors in spabeisTthe source is the reference for the
position and orientation measurements of the sensor

Unlike earlier models, Polhemus Liberty has a maser-friendly computer
interface, with the option of RS-232, USB, as veallexternal synchronization port. The
Polhemus screen display (Figure 3.2) shows the rumbactive sensors, a real time
graphic representation of the each sensor in spad@lso live streaming of position and

orientation data.

Figure 3.2 Polhemus Screen display

When the synchronisation mode is activated a videatiback appeared as a
numerical flag in the left hand side of the dataain. Figure 3.3 presents in which order
the streaming data appear in the screen displag. drider is also the same when the

data are exported in ASCII files.
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Position in cm Euler orientation in degrees
Sensor number X Y Z Yaw (Z) | Pitch (Y) | Roll (X)
1 7.5 -22.8 -1.79 128.6 9.6 -105.
2 17.1 13.5 1.5 -57.4 8.8 -43.5
3 7.2 51 -24.9 -88 50 84.7

Figure 3.3Polhemus data output

The output data of the system sensors are anghgge@s) and positions (cm) and
not only XYZ spatial coordinates (i.e. Vicon maeland that is something which
makes it simpler to use and also reducing sigmfigathe processing time required.
Each Polhemus sensor has 6DOF and therefore cenre de$egment by its own whereas
with Vicon there is a need for at least three ndmsar markers to do so. The
orientation angles use the Euler sequence of Yaeh Bnd Roll. These terms are used
by the aircraft industry with yaw corresponding adeft-right rotation of a plane in
flight, pitch is a nose up-down movement and rodl totation about the airplane’s long
axis. According to this sequence the rotation alakis is followed by rotation about
Y-axis which in turn followed by rotation about Xia. The system gives an option
between degrees or radians for the orientationesrghd cm or inches for position data.
There is also an option for the update rate betvi@®nand 240 Hz. Sensor wires are ten
meters long allowing a variety of different dynanaictivities. Numerous other options
are also provided like: alignment (defines a rafeeeframe to which all position and
orientation output data is referred and createcew origin for the X, Y, Z sensor
measurements), boresight ( this command causesetisor to be electronically aligned
in orientation and optionally in position with theser system coordinates) and
hemisphere function ( sensors can only operatenefemisphere at a time relative to
the source and it is necessary to tell the Libestich side of the source they will be on)
(Liberty user manual, 2005). The alignment and sigie options were not used in these
series of testing in order to avoid potential mathgcal correction artefacts.

The Polhemus manual reports a static accuracyrfentation of 0.15° Root Mean
Squared within a distance of up to 0.90 m betwdmnsource and the sensor and a
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angular resolution of 0.004° RMS. Accuracy of astinment refers to the agreement
between the values being measured and a true amelctwalue (reference value).

Precision of an instrument refers to the repeatglf the values being measured. The
terms precision, resolution and stability are cominaised interchangeably, although
precision and resolution do not imply the same ghiRrecision is measured by
estimating the variability of a series of measuremusually by calculating the standard
deviation (SD) or the root RMS.

3.3.3Rigid Body Rotation Validation

Two rigs were designed to provide a rigid and messa environment where
segment angles are known and thus can be direottypared with those obtained
concurrently by the Polhemus and Vicon systemgha&d?olhemus is known to be metal
sensitive, no metal was used in the constructiotnede rigs. The rigs were made from
polyethylene material and their segments joinectttogy with plastic screws. In each
joint plastic goniometers were incorporated alorthva wooden stool (its parts were
glued together without using metallic screws) whigds formed the base for those rigs
(Figure 3.4).

C ; 20cm

()

20cm

20cm

10cm

Figure 3.4 a) axial rotation & lateral flexion rigs
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The height of each segment was 20 cm with the fimerto simulate the lumbar,
lower thoracic and upper thoracic spinal segméitis. bottom part was 10 cm high and
was playing the role of the sacral segment.

In addition, four custom made reflective markeads were also developed from
polyethylene (base), carbon-fibre (rods) and woochaterials (markers covered with

reflective material) (Figure 3.5).

10mm

30mm
. <30°

Figure 3.5Vicon triads used to establish local coordinatteys in Polhemus validation.

These triads were mounted on the Polhemus soudt®mam®ach one of the three

sensors in order to establish four local Vicon damate systems (Figure 3.6).

A
10mm !
12 I
mm»
; .
‘ -
« 20mm
a) b)

Figure 3.6a) Polhemus sensor, b) Vicon trial mounted on Rolieesensor.

Polhemus source/sensors with the Vicon triads werirn attached on the rig

segments with double sided adhesive tape (Figue 3.
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C? ()

a) b)
Figure 3.7a) axial rotation rig & b) lateral flexion rig tésgy configuration.

A Vicon bodybuilder (V3.6) code was written (App@nd), assigning the source
mounted triad as the reference coordinate systeth thos relative angles were
calculated between the source’s mounted triad anslcs mounted triads.

In addition, all testing was conducted away fromgéametallic objects, including
the lab’s force plates. Vicon cameras were posgtibim a circular manner covering the
testing area from different angles. The same carnendiguration was used for the

testing on healthy participants described in negtien (Figure 3.8).

k\l
4
4
k(ﬂ
AN
N

4w
4>

Figure 3.8Polhemus interface & Vicon camera configuration.
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Polhemus and Vicon were synchronised in order bedaheir data in phase. The
systems were synchronised through the sync Polhemade (through a mini-din 8 pin
connector) and a wired start switch of the Vicostesn (Figure 3.8). The sync flag of
the Polhemus system appears as an ace in the siispéy. However, when the Vicon
system was switched on, the sync flag was chantgingero. This indicator in the
Polhemus output data was used from a Matlab codepdAdix 2), during data
processing, to identify and compare the concurPatttemus and Vicon measurements.

For each rotation axis (X, Y, Z) the rig segmengavmoved manually, altogether
or separately, in a range of £ 90° at 10° incresieltitshould be mentioned here that
since no identifiable stops were on the plasticigmeters, in each 10° increment, a
small random error in measurements could be intedly the user.

The Polhemus source and sensors were attachea oigsh(and on volunteers) in
such way that the axes configuration was: X axsterhl the Y axis vertical and the Z

axis anterior-posterior (Figure 3.9a).

Figure 3.9a) Polhemus and b) Vicon axes system conventions.

Vicon lab axes system convention was different #red X axis represented the
anterior-posterior line of progression, the Y awiss the lateral and the Z axis was the
vertical axis across the longitudinal axis of tlelyp (Figure 3.9b). No attempt was made
to align the axis convention of the two systemssThfferent axes convention did not
cause any confusion or problem since coupling berotomplicated activities were not
in the scope of this study. Using the right hanté,rathe positive rotations in each

reference system could be identified. In additialh,sensors were recording angles in
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respect to the source and no effort was made trobtlative angles between different
sensors. Thus, regarding the segmental spinal obkained by the healthy volunteers,
the lower sensor was recording lumbar angles, tidellsnone trunk angles and the top
one angles from the whole spine which included lthabar, thoracic and cervical

segments (Figure 3.10).

Total
Spine

Trunk

Lumbar

vy

Figure 3.10Schematic representation of segments defined b dffteemus source/sensors.

3.3.4Validation on Healthy Participants

Attachment of source and sensor

One major drawback of non-invasive systems is tbeurate identification of
anatomic landmarks and the firm attachment of theasuring devices on the

participants (Hindlest al, 1990).
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Regarding the identification of the anatomic landkeait has been shown that
experience plays an important role in the acculatation of those points and that
lumbar L5 spinous process is one of the most dilffipalpable points (Billiset al,
2003). Physiotherapists who have further trainedmanipulative techniques show
enhanced skills in palpation of lumbar vertebraswbey et al, 1999). Others have
been reported poorer inter-rater reliability thatra-rater reliability and suggested the
landmark identification in studies should be perfed by a single rater (Morigucket
al., 2009). This is also supported by another studighvivas further reported no effect
of age, sex and BMI in the accuracy of lumbar Jmde identification by experienced
manipulative physiotherapists (Harliekt al, 2007). However, the effect of inter-rater
variability it is not applicable in this study seonly one rater was responsible for the
spinal process identification. It is recognisedutiio that the poor landmark location can
be a potential source for bias in this study.

For the anatomic landmark location in this studyethod previously described by
(Burton, 1986) was used. According to this mettbd, Tuffier’'s line was identified (a
horizontal line joining the superior aspect of ihac crests) and in its bisection we
locate the L4 spinous process. It has been reptinsdhere are significant differences
in the anatomic location of the Tuffier's line betn women and men. In men, this line
more often intersects the L4 body or its inferiodplate whereas in women intersects
the body of L5 or its superior endplate (Sniééral, 2008). Additionally, the level of
Tuffier's line is not associated with weight or BMhd can vary between L4 and L5
vertebral bodies in both sexes (Snidsral, 2008). Having, identified L4 spinous
process, counting upwards the processes of L3,L12,and T12 are also identified.
Particularly for the T12 vertebra, an extra measuas taken to reassure the correct
identification. Apart form the fact that this vdsta was identified by counting up the
spinous processes from L5, thé"Irib was also palpated to verify the correctnesthef
location. Occipital bone and T1 spinous processegpeominent in the majority of the
people and thus no specific method for their idematiion was needed.

Once the relevant spinal processes have beenfiddnthe Polhemus source and

sensors were attached on the participants usingatlgpgenic tape and elastic straps
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with adjustable buckles (Figure 3.11). The Polhesmsrce was attached with plastic
screws on a polyethylene plate. The surface ofptate attached on the skin was soft
padded. An elastic band was attached at the siddee @late in specially made gaps.
Similarly, the sensors were attached on miniatardan-fibre plates with double sided

tape. Double sided hypoallergenic tape was alsd ttssecure the source/sensor plates.

Figure 3.11a)Polhemus source-sensor & Vicon triad placemeanbjomical position

3.3.5Sample Size & Recruitment

A convenient sample of ten healthy male participanbk part in this study. The
participants were recruited from staff and studeaitshe Bioengineering Unit of the
University of Strathclyde. The study protocol wasiewed and granted ethical approval
by the departmental ethical committee (Appendix 3udy participants were
approached by Mr. Konstantinos Kaliarntas. The ystuds explained verbally and also
an information sheet was provided. If the volurdgeeret the inclusion criteria (Table
3.1) and agreed to participate, a signed consen feas requested. All participants

were given a copy of the signed consent form.
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Table 3.1Participant inclusion-exclusion criteria.

Criteria

Inclusion Exclusion
Age (years) 18-35
Sex () Men Women*
Obesity(BMI) BMI 30 BMI  30*
Pain qumal functioning, no Any pain

pain
Other diseases Any disease affecting

normal movement

* Participants needed to be topless during thénggst*Due to soft tissue
artifact and difficulty to locate anatomic landmgrk

3.3.6Experimental Procedure

Volunteers attended the laboratory twice (one wagekt) and the overall duration
of the study for each participant was approximatedy hours. On the first arrival to the
laboratory the participants were given enough timeead the information sheet and
receive further information for the experimentalogedure. Also, their biometric
characteristics (i.e. weight, height) were recorddtParticipants were topless and had
to wear a pair of shorts which were provided.

The Polhemus sensors with the mounted Vicon triadee attached over the
spinous processes of C7, T12 and on the back ohélael (occipital bone) and the
Polhemus source was attached over the sacrum éRjuid). In addition, more single
Vicon reflective markers (14mm) (Figure 3.12) wettached on each spinous process
only for identification and training purposes sindentification of all spinous processes

was involved in the protocol of the main studylaétthesis.
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Figure 3.12Vicon retro-reflective marker

The participants were standing in the middle of ldimratory. From the standing
anatomical position (Figure 3.11b) they were asikederform six gross movements of
the upper body: forward flexion, extension (leanbagk), lateral bending to the right,
lateral bending to the left, axial rotation to thght, axial rotation to the left. Each of
these movements was repeated three times. Thesammeats are illustrated in detail in
the next chapter (Section 4.4).

The movements were described in detail verbally dedhonstrated by the
investigator and then were practiced by the volemtefore the formal measurements.
All participants were instructed to perform the raments at a slow and steady pace and
also to hold the end of ROM position for a second.

At the second session, Polhemus source/sensomnaumated Vicon marker triads
were attached over the same anatomical positidms sime six gross spinal movements
were performed by the participants. The scope efsécond session was to determine
the test-retest reliability. The range of motiorur{dg six gross movements), of the
thoracic and the lumbar spine, was compared betwleernwo sessions in order to
determine the level of agreement between the lybeasurements when applied by

the same rater.
3.3.7Data Analysis

The rig testing results were plotted in graphs @edassociation between reference

angles and Polhemus angle is examined. Each graiides the regression equation
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and the Rvalues for each comparison. In addition, a viswahparison can be made
between Polhemus and Vicon measures.

For the testing on the healthy participants, arrane of the three measurements
(of both Polhemus and Vicon) of each spinal movenveas calculated. Intra-class
Correlation Coefficient (ICC) was used to evaludie level of association between the
Polhemus Liberty and Vicon data for all the sixgg@pinal movements. The reliability
of the Liberty measures between the two trials §eparate days) were also examined
using ICC. This was achieved by comparing the measents of the spinal range of
motion (lumbar and thoracic segments), during tlRegsoss spinal movements of the
two sessions performed by the Liberty system. Iditewh to ICC, another method
described by Bland and Altman (1986) was also @ss@éssing the agreement between
the two systems and Polhemus repeated measurasmEliod gives a visual feedback
of the degree of difference between paired meastiresnean difference between of the
two samples and the 95% limits of agreements. iFhiésl of agreement correspond to +
two standard deviations from the mean differende-4sD). These limits are only
estimates and should not be confused with measdingecision of an estimate such as
standard errors or confidence intervals. Howewvenfidence intervals can be calculated
for these limits of agreement. It has been sugdesiat differences within the limits of
d +2SD are not clinically important (Bland & Altman, 1986-or all figures presented
below the difference is given for the Polhemus gahinus the Vicon value, such that a

positive mean difference demonstrates higher valbé&sined by the Polhemus.

3.4RESULTS

In this section the results from the rig testingvasl as the healthy volunteers
testing are presented. Regarding the rig testimy éigure presents the pure rotation
about a main axis of the Polhemus along with tlessstalk effects of the secondary
Polhemus axes. Also, direct visual comparison efrttain axis with the Vicon angles
can be made. Each figure includes the regressioatien and the Rvalues between the
Polhemus values and the reference angles (goniom&esquared value is a statistic

measure which gives information about the goodie$s of the regression model. An
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R? value of 1 indicates that the regression lineeidqetly aligned with the data. Also, in
the regression equation, the relationship betwhenmeasured angles (Polhemus) and

the reference angles (goniometer) is linear wherstbpe is close to 1 and the intercept
as close to 0.
3.4.1Rig Testing

Rotation about X Polhemus axis (forward flexion — bhckward extension)

Figures 3.13 — 3.15 show the performance of thé&dpPolis in rotations about X
axis, across all three segments. In those figurean be observed a linear relationship

between Polhemus and reference angles in all teggments. Additionally, no
significant cross-talk effects are observed in ¢$keondary Polhemus axes. The three

segments represent the lower, middle and uppeedgents respectively.

X Axis (segment 1)

100 +
y=009973x +0.1842 80 4
R? = 0.9998 60 |

w ~—~
% § 40 - ——X
£3 20 Y
3 8 A A—A—A A A A AAA .
5 % -100 -80 -60 -40 O 20 40 60 80 100
@ = 40 1 —>¢—Vicon
o O
= Qo -60 -
-80 -
-100 -

Reference Angles (Gonio)

Figure 3.13Rotations about X axis of first rig segment, fordimackward (regression &Ralue for
Polhemus).
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Measured Angles
(Polhemus)

y =0.9951x + 0.2019
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Reference Angles (Gonio)

Figure 3.14Rotations about X axis of second rig segment, fotviackward (regression & Ralue for

Measured Angles

(Polhemus)

y=1.0107x - 0.0027 100 7
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X Axis (segment 3)
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—<—Vicon

Reference Angles (Gonio)

Figure 3.15Rotations about X axis of third rig segment, foravamckward (regression & Ralue for

Polhemus).

Rotation about Y Polhemus axis (right— left axial otation)

Figures 3.16 - 3.18 also present the performanc¢ Bblhemus axis across all
three measured segments and the cross-talk effettte secondary Polhemus axes. The

Y axis rotations can be visually compared with thax the Vicon system. The
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regression equation and thé Wlues reveal a linear relationship between tHadPous
values and the reference (goniometer) angles. Henyvsignificant cross-talk effects are

observed in the secondary Polhemus axes beyonaf T6fation.

Y Axis (segment 1)

y = 0.9874x - 0.2989 100 -
R? = 0.9998 ]
_ 60 -
N = i
%'C; 8 40 ——X
<= 20 1 Y
32 . 7
5 % -100 -80 -60 -40 ® 20 40 60 80 100
Q@ = 40 1 —>¢—Vicon
o O
= Q -60 -
_80 i
-100 -

Reference Angles (Gonio)

Figure 3.16Rotations about Y axis of first rig segment, axathtion (regression & Rvalue for
Polhemus).

Y Axis (segment 2)
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Figure 3.17Rotations about Y axis of second rig segment, amiaition (regression & Rvalue for
Polhemus).
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Measured Angles
(Polhemus-Vicon)

Y Axis (segment 3)
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Figure 3.18Rotations about Y axis of third rig segment, axhtion (regression & Rvalue for

Polhemus).

Rotation about Z Polhemus axis (right — left later&flexion)

Similarly to the two previous subsections, FigBed — 3.21 present the response

of Polhemus in rotations about Y axis. In theserkg, a linear relationship between the

Polhemus angles and reference angles is obsertieduvsignificant cross-talk effects.

Measured Angles
(Polhemus-Vicon)

y =0.9885x + 0.0998

000000909
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Z Axis (segment 1)
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Figure 3.19Rotations about Z axis of first rig segment, ritgt-(regression & Rvalue for Polhemus).
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Z Axis (segment 2)

y =0.9895x +0.0918 100 -
RZ=1 80 -
—_ 60 -
0 c
28 0 ——X
> 20 - y
593 Q0090900909000 Yo 0 e Re 0T e e e B
g ——Z
S g -100 -80 -60 -40 © 20 40 60 80 100
g5 -40 - —<—Vicon
o O
=R 60 |
-80 A
-100 -

Referernce Angles (Gonio)

Figure 3.20Rotations about Z axis of second rig segment, Higft{regression & Rvalue for
Polhemus).
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Figure 3.21Rotations about Z axis of third rig segment, rigft-(regression & Rvalue for Polhemus).

In Appendix 4, Tables 1 — 9 show the angles abbdtr@e Polhemus axes, across
three measurements and the errors across eachreraasi. No significant errors can
be observed in X and Z Polhemus angles throughoat-20° to 90° rotation range.
However, in Y axis, the errors are significantlreased in rotations beyond = 80°,

along with a significant increase in the cross-talfects of the other axes showed in

Figures 3.16 — 3.18.
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3.4.2Healthy Participants Testing

Participant characteristics

A convenient sample of ten healthy male participamas used for the purpose of
this validation study (Age: 26.6 £ 1.5 years, h&idi78 + 9 cm, and mass: 80 + 10 Kg).
No participant reported any LBP incident for atskeane year previous to the assessment
or history of low back pain.

In the graphs below are presented results of thewcent validity and test-retest
reliability of the lumbar and trunk sensors. Thadenounted sensor (which recorded
angles from the whole spine (Fig. 3.10)) data slibsimilar trends to the thoracic one.
Only major movements (forward flexion, left-rigtdttéral flexion) are presented in all
sections below due to significant marker occlusionte majority of the Vicon data in

the other movements (backward extension, rightalefl rotation).

Lumbar Segment Concurrent Validity

For the lumbar forward flexion movement, the twostsyns showed highly
correlated values (ICC = 0.96). There was a nonifsggnt mean difference of -1.45°
favoring higher values in for the Vicon with quitarrow limits of agreement (-5.71° to
2.81°). All differences were within the limits ofjieeement (Figure 3.22).
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Figure 3.22Agreement and difference between Vicon & Polhemuind the concurrent measurement of
lumbar forward flexion.
Similarly, a high correlation was also found in tlienbar lateral flexion to the
right (ICC = 0.96). Also the systematic bias waaiagjuite small (-1.46) favoring again
higher values for the Vicon. In addition, the limibf agreement were again narrow (-

4.06 to 1.14) enclosing all paired differences (Fé&g3.23).
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Figure 3.23Agreement and difference between Vicon & Polhemuind the concurrent measurement of
lumbar right flexion.

A high correlation was also found in lumbar latdlakion to the left (ICC = 0.93).
The systematic bias was not significant (-1.099idating higher values for Vicon

system. The limits of agreement were between -4®2°51° (Figure 3.24).

94



Polhemus Validation

Figure 3.24Agreement and difference between Vicon & Polhemuring the concurrent measurement of
lumbar left flexion.

The Polhemus values showed a high agreement amelataon with the Vicon
values. Also, the systematic bias was around h8fcating constantly higher mean

values for the Vicon system. All limits of agreerhesre quite narrow and acceptable.
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Lumbar Segment Test-retest Reliability

This section presents the reliability of the Polhenmeasures in the lumbar
segment. In Figure 3.25, the correlation and thheeagent of Polhemus measures for the
lumbar forward flexion is illustrated. Although tHatraclass correlation coefficient
indicates a good correlation between Polhemus mesaglCC = 0.75), the Bland and
Altman’s plot revealed some substantial individulifferences of up to 10°. The
systematic bias between Polhemus measures is metdy ©.13°) with quite wide limits
of agreement (-14.07° to 14.33°) indicating sonmgdaandom differences.

ICC=0.76

Figure 3.25Agreement and difference betwdambar forward flexion angles obtained by Polhemus on
two different occasions.
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For the lateral flexion to the right (Figure 3.2@)e systematic bias was zero and
the limits of agreement (-3.8° to 3.8°) revealedakmandom differences between
measures. Additionally, there was a high corretati@tween measures (ICC = 0.94)

further supporting the assumption of agreement.

ICC=0.94

Figure 3.26Agreement and difference betwdambar right flexion angles obtained by Polhemus on two
different occasions.

Likewise, the Polhemus measures for the laterabingnto the left were also

showed good reliability (Figure 3.27). The cornelatanalysis showed a very strong

relationship between Polhemus measures (ICC = .08 systematic bias was very
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small (- 0.2°) along with narrow limits of agreemdr3° to 2.6°) indicating small

random differences.

ICC=0..95

Figure 3.27Agreement and difference betwdambar left flexion angles obtained by Polhemus on two
different occasions.

In total, the Polhemus repeated measures for lursjbi@e movements showed a
very high reliability for the right and left latdrdlexion movements and moderate

reliability for forward flexion movement.

Trunk segment: Concurrent Validity
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Regarding the trunk forward flexion, there was @hhicorrelation between
Polhemus and Vicon systems (ICC = 0.97). The syaienbias was 0.4° indicating a
very small mean difference between Polhemus andrVimeasurements. Considering
that the mean trunk forward flexion was 75.2°, timits of agreement for the

differences (-4.8° to 5.6°) were narrow indicatimgh level of agreement (Figure 3.28).

Trunk Forward Flexion

1007
ICC=0.97
907
80

707

Polhemus Angles (°)

60

507

407

T
40 50 60 70 80 90 100
Vicon Angles (°)

Figure 3.28Agreement and difference between Vicon & Polhemuind the concurrent measurement of
trunk forward flexion.
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Similarly, the systematic bias for the trunk lateftaxion to the right was 0.1°
followed by narrow limits of agreement (-3.9° to/3. and supporting a significant
agreement of the two systems for this gross movergiegure 3.29). The correlation

coefficient was also highly significant (0.94).

Trunk Lateral Flexion (right)

707
ICC =0.94

Polhemus Angles (°)
g 3
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307
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Figure 3.29Agreement and difference between Vicon & Polhemurind the concurrent
measurement dfunk right flexion.

For the trunk lateral flexion to the left the agremt and correlation was even

higher (Figure 3.30). The Intraclass Correlationeffioient indicated a significantly
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high correlation (0.99). The mean difference wa® and the limits of agreement were

(-1.13° to 1.13°) pointing out a high agreementaen the two systems.

Trunk lateral Flexion (left)
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Figure 3.30Agreement and difference between Vicon & Polhemuind the concurrent measurement of
trunk left flexion.

In a similar manner with the lumbar segment, thian€ous measurements showed
high agreement with Vicon for all movements examin@his fact indicates that
Polhemus can produce valid measurements of rangenation for the particular

segment.
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Trunk Segment Test-retest Reliability

Regarding the reliability of Polhemus repeated mess Figure 3.31 shows the
agreement level of trunk forward flexion measurgdPlolhemus on different days. The
mean difference between measurements was quité ghdf) indicating higher values
for the second Polhemus measurement. However, duthet very wide limits of
agreement (-22.8° to 18°) and considering the miank forward flexion being
approximately 75.2° (Table 3.2), this lack of agneat cannot be considered as
acceptable. Correlation analysis also revealed @denate correlation between Polhemus
repeated measures (ICC = 0.55).

Trunk Forward Flexion

Figure 3.31Difference betweetrunk forward flexion angles obtained by Polhemus on different
occasions.

The reliability analysis for the trunk lateral fier to the right also showed lack of
agreement between Polhemus measures (Figure Bl@&)ugh the systematic bias was
again small (-2.8°) indicating again higher valués the second Polhemus

measurement, the limits of agreement (-18° to )2a4& quite wide reveling large
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random differences. These differences are not #aiokepespecially if we consider that
the mean trunk lateral right flexion is approxintaté5.2° (Table 3.2). The Intraclass
correlation coefficient was also revealed a pooreament between the two

measurements (ICC =- 0.32).

Trunk Lateral Flexion (right)

Figure 3.32Difference betweetrunk lateral flexion (right) angles obtained by Polhanam two
different occasions.

In a same way as above, Polhemus measurementseftrunk flexion to the left
also showed poor agreement (Figure 3.33). Althotigh systematic bias was again
small (1.4°), the limits of agreement (-18.8° to°)1&howed again large random
differences. The Intraclass correlation coefficierats also indicated a poor correlation

between Polhemus measures (ICC = - 0.13).
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Trunk Lateral Flexion (left)

Figure 3.33Difference betweetrunk lateral flexion (left) angles obtained by Polhemuastwo different
occasions.

In total, the Polhemus repeated measures for thik tsegment showed moderate
to poor reliability.

In order to verify the accuracy of Polhemus sendacement and explain any
possible variation in repeated measures, the distari the source and sensor was
compared between the two measurements for the lurabd the trunk segments

respectively (Figures 3.34 — 3.35).

Lumbar

18 -
17 | Icc = .81 ¢
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First Polhemus Measurement (cm)

Second Polhemus
Measurement (cm)

Figure 3.34Repeatability of sensor placement in lumbar segr(distance source-sensor).
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Regarding the lumbar segment, reliability analygslded a strong correlation
(ICC = .81) between group measures which indicatesnsisted anatomic landmark
identification and Polhemus sensor placement. Tlanmdifference between group
measurements was .29 cm and the paired samplet tAicated not statistically

significant differencesp(= .51).

Trunk

52 - .

51 | ICC = .77 .

50 - b4
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Second Polhemus
Measurement (cm)

First Polhemus Measurement (cm)

Figure 3.35Repeatability of sensor placement in trunk segr(diatance source-sensor).

Similarly, for the trunk segment, the reliabilitynaysis again showed strong
correlation between group values (ICC = .77). Theamdifference was 0.1 cm which
again was not statistically significanp € .84). These results indicate a consistent
anatomic landmark location and sensor attachmettdih lumbar and trunk segments.

In addition, an extra measure was taken to explamability between Polhemus
repeated measures. Since the standardization ofartaéomical starting position is
difficult, a different starting position could yelsignificant differences between
repeated measures. Thus, the difference in orientaf the spinal segments between
the two measurements was compared with the differenROM.

In the lumbar segment, the between measures differen starting position
orientation values and the difference in ROM valyedded a moderate correlation

(ICC = .65). Additionally, the mean difference beem group values was .5° and not
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statistically significant = .8). Regarding the trunk segment a strong caticel in the
same values was also found (ICC = .72), with a nu#éerence of 1.6° which again was
not statistically significanty(= .43).

This analysis showed that the difference in repkateasures presented above was
primarily due to differences in starting positiomdasecondary due to inaccurate sensor
attachment or difference in performance of paréinig between different days. This is
particularly important for the sagittal plane andt ms much for the transverse and
coronal planes.

In Table 3.2, mean ROM values of the ten healthyigpants, across all six gross

spinal movements are presented.

Table 3.2Segmental ROM (degrees) measured by Polhemus sixlggoss movements (means + 3D,
=10).

Movements Lumbar (°) Trunk (°) Total (°)
Forward Flexion 53.5+8.7 75.2+11.1 101.7 £ 13.6
Backward extension 144+55 446 + 18 60 + 21
Lateral bending right 22.2+59 452 +4.8 65.4+16.3
Lateral bending left 211+4.1 47.7+7.2 68.8 + 14
Axial rotation right 7.7+3 34.8+6.9
Axial rotation left 7327 31.2+4.8

3.5DISCUSSION

The assumptions of validity and reliability are s#ty related and are two main
requirements for a trustworthy tool. Some authas the assumption of validity as an
overarching term which also contains the assumpoioreliability. The term validity
relates to the accuracy (correctness) of the infE® drawn from the measurements,
whereas reliability deals with the reproducibildf such measurements (Sim & Arnell,

1993). Although reliability does not presupposeiditl, a high degree of validity
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presupposes a high degree of reliability (Sim & @htj 2000). Invalidity leads to
distorted inferences due to systematic error (biabpreas lack of reliability is mainly
due to random error and leads to indistinct infeesn(Sim & Wright, 2000). Criterion
related validity is probably the most objective hwet to establish the measurement
trustworthiness of a tool. It is important to urstand that in research there are no
universally valid and reliable tools but only fgregific applications. This supports the
notion of checking these two important assumptioefre using a tool for a specific
purpose and thus any differences in findings carmathéuted to the manipulation of
study parameters and not to systematic or randoonser

In clinical and research environment there is otfe®m need of replacing an old
measurement technique or instrument with a new anase them interchangeably.
Other reasons for replacing a technique with amathe user-friendliness, cost, level of
expertise required for its use and portability. Heer, measurements of a new
instrument have to be compared with a criterion suea in order to establish its
measurement accuracy and reproducibility and hesclidity.

The accuracy testing of this instrument was coretlat two steps: a) validation
on specifically made rigs simulating spinal segraenmtovements and b) validation on
healthy participants with concurrent Vicon measweets. The reliability was tested by
comparing repeated Polhemus measures (capturetfferent days) of the same spinal
movements from the same healthy participants. Tiusore technical terms, this study
tested the concurrent validity of the Polhemus i Vicon and goniometers and also
its test-retest reliability over repeated measures.

The first step, in section 3.4.1, of the Polhema$idation on the rigs showed
repeatably no significant variation of the Polhermpasformance in different segments.
Thus, according to those results, different Polhensensors showed accurate
performance irrespective of the distance form tbthémus source, with a maximum
distance specified in this study of up to 0.70 ra.mentioned before the operation range
(distance between source and sensors) recommerydibe Inanufactures is up to 0.90
m, although operation is allowable up to 1.8 m wétuced accuracy. Thus, the 0.70 m

maximum separation distance used here is well énrfitommended operation range.
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However, the rotations about Y axis showed sigaificdeviation from the reference
angles (goniometer) in rotations beyond +80° alaity significant cross-talk effects.
The Y axis was assigned to measure the axial ootatngles on the participants testing.
Because this value is in excess of normal spinaiomaen the lumbar and thoracic spine,
this deviation could not have an effect in the measments of those segments. However,
due to the fact that the cervical spine can shoval awtations near or above 90°
(relatively to the pelvis), Polhemus is inapprof@itdo measure these angles, with the
current source-sensor configuration which is désctiin the methods section. Thus, for
the cervical segment the axial rotation angles wetemeasured. The X (Figures 3.13 —
3.15) and Z (Figures 3.19 -3.21) axes showed adirdationship with reference angles
and minimal cross talk effects in ranges even tesg of £90°.

Regarding the deviation beyond the 80° of rotatbout Y axis, it was observed
that when the angles were approaching the 90°atigges were actually reversed and
started decreasing at 10° increments. A differeeviation was observed in the
secondary (X & Z) rotation axes in where the anglese actually flipping by 90°.
However, the cross-talk effects were not of sigaifice in this study since it is not in the
scope of this study to measure coupling movemdifis.effect observed in the rotation
about the Y axis is due to a well known problemalhihe Euler angles are suffering
from and is known as gimbal lock. Since there wamii@ rotation about Y axis, when
the rotation became close to 90°, the other twe akeotation became aligned with one
another, making it impossible to distinguish theonf one another. In this case a degree
of freedom is lost and the commonest way to avioisl problem is to restrict the one of
the angles to £90°. This is a technique which g alsed by other systems utilizing
Euler angles such as Vicon. In Appendix 4 are prieskethe Polhemus values from all
three segment and movements, during three subsemquesurement at the same day.
Mean values of the three measurements and meanrs @n® also presented. The mean
values are those compared with the reference aagl&¥icon mean angles in the result
section. From both the tables in Appendix 4 andabeuracy analysis presented in the
results section it is evident that the useful ofilegarange of the Polhemus, about the Y

axis, is limited up to = 80°.
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After the rig validation of the Polhemus, the systeas further tested on healthy
participants. The validity of the measurements wampared against simultaneous
Vicon measures and the repeatability of the Pollsemeasures were compared against
repeated Polhemus measures of the same subjects@minents, one week apart. In
order to test the agreement between Polhemus arah\doncurrent measures and also
between Polhemus repeated measures, apart formelneant Intraclass Correlation
Coefficient (ICC) it was decided to utilize the Itmmof agreement method described by
Bland and Altman (1986). This was because a highetadion does not necessarily
mean that two measurement methods agree (Bland&ahl, 1986). It has been agreed
that a plot of difference against subject mean asy\vinformative, whereas a crude
comparison of group means or a simple product moroemelation coefficient (r), is
unsatisfactory (Leet al, 1989; Bland & Altman, 1990). Classic correlatiorefficient
such as Pearson’s measures the strength of assondiatween two entities and not the
agreement between them. This means that there [seréect agreement when
measurement data points are aligned with the dguatie, but we can also have a
perfect correlation if these points lie along amaight line (Bland & Altman, 1986).
However, ICC is also a more appropriate statisticagsess agreement than simple
correlation coefficients due to the fact that ICCig calculated utilizing variance
estimates derived from analysis of variance andessmts a ratio of the variance of
interest over the sum of the variance of interdss grror (Sim & Wright, 2000).
Intraclass correlation coefficient is a dimensigslaneasure which cannot provide
information regarding the magnitude of the measergmerror. This can be estimated
with the confidence intervals of the mean diffeerzetween two measures. The
agreement in Bland and Altman’s (1986) method mmarized by two measurdsias
and 95% limits of agreementyhich indicate the systematic and random diffeesnio
measurements (Sim & Wright, 2000).

For the lumbar segment, the values obtained simettasly from the Polhemus
and the Vicon systems showed a high level of agee¢rfFigures 3.22- 3.24). As was
observed in Bland and Altman’s figures, the systerexror (mean difference), and the

paired differences were small and the limits okeagnent were quite narrow for all three
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gross movements (forward flexion, right and lefetal flexion). The mean difference
was about 1.5° with Vicon system to exhibit higlraean difference for all three
movements. These results indicate that Polhemusureraents have adequate group
accuracy and can be confidently used for the measemt of the lumbar range of
motion between groups. Regarding the observed galiterences, some systematic
error in the concurrent measurements may havedatex from the rater during the data
processing. For example, Polhemus data were filterigh a built in Polhemus filter
whereas Vicon data filtered witl'4rder low pass Butterworth filter.

Similarly, the same measurements obtained fromrtivk segment also showed a
high level of agreement. The Intraclass Correlamefficient values indicated almost
perfect correlation between Polhemus and Vicon oreasents for all movements
(Figures 3.28-3.30). The systematic error for thuak segment was even smaller than
the one observed in the lumbar segment, for allethmovements. Taking into account
the mean values for the trunk movements reportebairie 3.2, the paired differences
between Polhemus and Vicon systems and the lirhégm@ement cannot be considered
large. Thus, again here, these results suggesttiibaPolhemus liberty can produce
accurate measurements for the ROM of the trunk sagnAdditionally, these results
indicate that multiple sensors can be confidentbgdu simultaneously without the
accuracy of the measurements to be compromisediderb that the sensors operate
within the distance recommended by the manufactincen the source, it seems that
separation distance does not play an importantindlee accuracy of measurements.

Regarding the test-retest reliability of the lumBathemus measurements, the ICC
results indicated moderate reliability for the luanlforward flexion (ICC = 0.75) and
almost perfect reliability for the right (ICC = @pand left (ICC = 0.95) lateral flexions
(Figures 3.25 -3.27). For the right and left lumiaaeral flexion, the systematic bias and
the paired Polhemus differences were very smallpvied by very narrow limits of
agreement. However, for the forward flexion valughough the systematic bias was
very small (0.1°), some paired Polhemus differeneese quite large (10°) indicating
some large random differences. This discrepancyvdst Polhemus measures is

probably due to differences in the segment ori@riah the starting position and not as
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much due to unreliable sensor attachment or vaparticipant performance between
different days. This is supported by the reliapiihalysis of sensor attachment between
different days which was quite high and showed alnperfect agreement (ICC = .81).
For this analysis the distance between the Polhesausce and sensor was compared
between the two measurement days. On the other H@domparison between starting
position segment orientation differences and ROMasueement differences in the
lumbar segment were also moderately correlated @C®5) (Figure 3.34). Also the
mean difference (between starting position and Rdfférences) was very small (.5°)
and not statistically significanp & .8). This is particularly relevant for the s&agjiplane
measurements (flexion-extension) in where the spientation is quite difficult to be
standardized. Thus, it is assumed that these velatiarge paired differences were
primarily due to variations in participant startiqgpsition and secondary due to
performance variation or due to errors in the seagachment method.

The test-retest reliability of the trunk Polhemusasurements was very low for all
three movements (Figures 3.31-3.33). The ICC valuekcated poor correlation
between Polhemus repeated trunk measures. Althotigh, systematic error was
relatively small (< 3°) for all three movementse ttandom errors observed were quite
large and were considered unacceptable. All threanmdifferences were negative
indicating higher angles for the second Polhemissise measurements. The sensor
attachment for this segment was again proved twebg reliable since the Polhemus
source-sensor distance between different days shetveng agreement (ICC = .77).
Especially for the trunk segment it is less likedymisplace the trunk mounted sensor
during its attachment because the C7 spinal progeksre the thoracic sensor was
attached) is very prominent and easily palpableaddition, the between measures
difference in starting position orientation valuasd the difference in ROM values
yielded a strong agreement (ICC = 0.72). Theseirfgsl indicate that the large
variability between different trunk Polhemus measuare mostly explained by the
variability in starting position and less likely tee due to unreliable source-sensor
attachment or variability in individual performanbetween different days. However,

the variability observed does not entirely expldibg the variations in starting position.
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Thus, the possibility of performance variability spinal range of motion during
different days, especially for the trunk segmeat) oot be excluded. This is supported
by the fact that in the trunk segment, the corogralss movements (right/left side
flexion), which theoretically are not prone to eg@arising from individual inconsistent
starting position, were also showed large varigbibver repeated measures. It is also
speculated that participants were more familiariaed relaxed with the measurement
procedure and performed better in the second sed¥m error could have arisen from
interference with metallic objects since all measugnts were obtained away from large
metallic surfaces and under similar conditionsislispeculated that the difference in
repeated measures found in this study should beethdt of a combination of three
factors: a) variability in performance between elifint days b) inconsistency in starting
position and c) failure to identify reliably anatmntandmarks. This is evident from the
data which consistently showed a large random emndra very small systematic error
indicating a variant source of error. Thereforeh@ligh those three factors are highly
subjective, they have to be controlled strictly fetiable ROM measurements with
Polhemus Liberty.

In respect to the operational problems when ugiegsystem for the measurement
of the spinal ROM, which was a secondary objeativihis study, two major drawbacks
were identified. One was related to the attachmesthod of the lumbar sensors and the
other to the individual variability in performandaring the gross spinal movements.

The attachment method was mostly problematic durihg axial rotation
movements of the lumbar segment. Due to the lurabatomy, the firm attachment of
the sensor in this segment was difficult, especiah people with developed
musculature. For this reason, the measurement eofpthgmatic axial rotation with
surface sensor is considered of low quality acogrdo the author. This is because
during the lumbar axial rotation there is a largen sliding on the underlying lower
back soft tissues. Sometimes skin sliding creatparadox effect where the sensor is
rotating towards the opposite direction than thredion of the movement. According to
this observation, the lumbar axial rotation was lgeest accurate measurement and the

one which was poorly estimating the true lumbaakbrotation.
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Regarding the individual performance during thesgrepinal movements, it was
observed that participants usually had difficuttydentifying accurately the end of their
spinal range of motion. This is very important afaéon which can have a
considerable effect in the outcome of repeated apROM measurements. It is
considered necessary for the participants to utatedssery well what they are asked to
do and also to perform a comprehensive trainingsiges before the formal
measurements. It is expected that the biologicatiattan between different
measurement days has not played an important moléhé outcome of those
measurements. This is because the participantsingai study were relatively young
(mean age: 26.6 years) and without any known histbispinal pathology or low back
pain. In addition, the experiment took place in slaene laboratory with controlled and
fixed conditions i.e. room temperature. Therefotas quite unlikely for the specific
target group the variations, found in the betweaysdneasurements, to be attributed to

biological variation. This could be the case inevldnd diseased populations.

3.6 CONCLUSIONS

In this section the main findings discussed presipwill be underlined. The
conclusions are linked directly to the aim and otwes stated earlier in this chapter.

From the rig testing it was showed that Polhemielty is a very accurate system
for the measurement of the spinal range of motianoss different segments
simultaneously. However, the operation range iatiahs about the Y axis is limited to
+80° due to the increased errors beyond this racmesed by loss of one DOF due to
gimbal lock effect. Separation distance and nundfesensors used each time do not
seem to affect the performance and accuracy okystem. The level of accuracy of this
system is in excess of what is required for theppsed measurements.

Polhemus liberty was also proved to be a validesydior the simultaneous ROM
measurements across different spinal segments onpgrof healthy individuals.
Concurrent gross spinal measurements of Polhemiid/eon showed a high level of
agreement. Thus, based on the findings of thisysttite Polhemus Liberty can be

confidently used for the measurement of the sgR@aM in groups.
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The test-retest reliability proved to be adequate the lumbar segment
measurements and poor for the trunk segment. imtligidual variability in starting
position and performance (especial for the measemémin the sagittal plane) during
repeated measures is likely to play an importalet irothe test-retest reliability of spinal
measurements with Polhemus on individuals.

Lumbar axial rotation was found to be the leasueaie measure compared to the
true value due to difficulties in the sensor attaeht and paradoxical axial rotation
movement.

Participants have to familiarize very well with tpeocedure and the system, by
performing several training movement trials, beftire formal spinal measurements in

order to provide accurate and pragmatic ROM values.

3.7SUMMARY

In the current chapter the validation process efRblhemus liberty was described.
The chapter included its own short background méttion, methods, results, discussion
and conclusions. It was showed that the Polhemhberty was an accurate, valid, and
under some conditions a reliable tool for the standous ROM assessment of multiple
spinal segments.

In the following chapter, Chapter 4, the methodsdufor the supported treadmill

walking for LBP patient’s trial is described.
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CHAPTER 4METHODS: SUPPORTED TREADMILL
WALKING STUDY

4.1 INTRODUCTION

Following the Polhemus Validation study in Cha@ethis chapter will describe
the methods used to test the main objective ofthi@sis. This objective was to examine
the effects of supported and normal treadmill wadkon LBP patients in terms of:
spinal length, spinal shape, spinal vibration afstiypain status, and gait and compare
them with those of healthy participants.

This is an explanatory research using an expermhatdgsign of aRandomized
Control Laboratory study. The following diagramdéie 4.1) presents an outline of the
methods used to achieve the objectives of thisystud

Participants: Data processing:
LBP-Asymptomatic ROMs calculation

Sample size : Spinal length calculation
Recruitment Testlngl > Data filtering
l protoco Gait analysi
Measurement tools: l
Optical motion analysis system
E/magnetic motion analysis syste

Disability & pain assessment analysis
scale

Statistical

Figure 4.1 Methods chapter outline
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4.2STUDY PARTICIPANTS
4.2.1Sample size

The main objective in this study was to see whethere is a change in spinal
length between LBP patients and healthy voluntedren 40% BWU is applied. This
was the main hypothesis and tested at a power8a#ldng with a significance level of
0.05 and using spinal length as the primary outcomeasure. Due to the absence of
relevant spinal elongation data, the primary sarsjde calculation was executed based
on information from other studies used differenthoeologies. After exercise-induced
spinal shrinkage, Fowlest al. (2005) reported that women with back pain receder
only half their lost height within 20 minutes, thealthy volunteers recovered all of their
lost height. A loss of proteoglycan from the disosd/or an increase in paraspinal
activity may account for this effect. Consequentl hypothesize that those with back
pain will not have their spine elongated to the samtent as healthy people when
subjected to BWU. However, since the elongatiofoised, due to the BWU apparatus,
we expect the difference between the groups tar@ler than that found by Fowlet
al. (2005). Since 40% unloading increases spinal lebgt~2% in 30 minutes in young
healthy volunteers (Polloadt al, 2008), we estimate that LBP sufferers will elceday
~ 1.5%. As we are to measure spinal length stitjoak expect the standard deviation
to be less than that of Pollock et al. (2008). @ovetively, we expect the standard
deviation to be the same for each group and t@peoaimately 0.67% of spinal length.
Therefore, using an independent t-test, an effieet &f 0.75, together with a power of
0.8 anda = 0.05, gives a sample size in each group to b&CPBen, 1988). Allowing

for drop out, we aimed to recruit 32 into each grou
4.2.2Ethics

For the accomplishment of this project ethical appt was sought and obtained
from the National Health System (NHS) as well asrfrthe University of Strathclyde
ethical committee and research and development (REdpartment. Appendices 5 & 6

contain the relevant documentation from the NH%stand R&D approvals.

116



Methods

4.2.3 Participant Recruitment

A specialist physiotherapist was responsible fer ittentification of suitable LBP
patients for this study. A screening questionn&kppendix 7) was used during the
recruitment process to make sure each participantime study criteria and to record the
details of those excluded (Table 4.1). Suitable L#fents were identified from three
primary care sites (Milngavie Clinic, Maryhill HealCentre, Woodside Health Centre)
by Ms Susan Smith who informed them of the studg Hrinterested asked them to
consider their participation in the study. The sesh project was discussed and
explained to the patient and a copy of the patieformation sheet and consent form
was provided (Appendix 7). The patients were giganugh time (minimum 48 hours)
to consider volunteering and also to ask for dlzatfon of any aspect of the project they
were unsure about. If they were willing to partat® they were informed about the
research team and provided with their contact etai

Healthy volunteers (controls) were recruited frommivérsity of Strathclyde
students and staff. An invitational e-mail was giated to the staff of the University of
Strathclyde and a supplementary invitation was ipbbt through the departmental
website. All the responders were approached by mbee of the research team and
screened with a questionnaire (Appendix 8). Furthtarmation about the study was
given and an information sheet along with a congam was provided (Appendix 8). If
they consented and met the inclusion criteria (@&bl) then they were considered for
inclusion in the study. They were again given erotiige to consider their participation

in the study (minimum 48 hours).
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Table 4.Participant inclusion-exclusion criteria.

LBP patients Healthy participants
Criteria Inclusion Exclusion Inclusion Exclusion
Age (years) 25-65 25-65
Sex () Men Women* Men Women*
Obesity(BMI) BMI 30 BMI  30** BMI 30 BMI  30**
Pain 3-6 months LBP history, Any pain

presence of | chronic pain, pain
low back pain| in other sites

Other Neurological, Any disease

diseases cardiovascular, affecting
lower limb normal
problems, other movement

spinal problems

* Participants needed to be topless during théngst*Due to soft tissue artifact and difficulty
to locate anatomic landmarks

4.2.4Setting

The study was commenced in the Neuro-Biomechanasotatory, Strathclyde
Institute of Pharmacy and Biological Sciences (SREBon Jordanhill Campus,
University of Strathclyde. However, due to openadib issues, the testing was
transferred to the Biomechanics 1 & 2 laboratoireBioengineering Unit, on main
campus of University of Strathclyde. All the equigmh used remained the same between

the two sites.

4.3TOOLS & MATERIALS
4.3.1Motion Analysis Systems

A six camera motion analysis (Vicon, Oxford, UKs&m was used at 100Hz to
measure the spinal length and shape as well asotafrgpatial gait parameters.
Additionally, a digital camera was incorporated aydchronized with Vicon system to
record all testing activities. A six-degrees-ofeftem Polhemus Liberty electromagnetic
motion tracking systems operating at 120 Hz wadgl usemeasure spinal range of
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motion. The Polhemus Liberty has been describatktail in Chapter 3. Both of these

systems are commercially available three dimensimdéion capture systems produced
for human movement applications and with widely epted accuracy, validity and
reliability.

The Vicon cameras were positioned in a semicircmanner approximately 2-3
meters behind the treadmill. These cameras weréend#iis configuration in order to
capture as accurately as possible VICON marker mews positioned on different

body segments (spine, pelvis, and lower limbs).
4.3.2Disability & Pain Assessment Scales

The disability level, the general health status toedpain level of the patients was
assessed with the Oswestry Disability Index (ODRhe SF-12v2, and the Visual
Analogue Scales (VAS) respectively. The ODI is Wdeased for LBP disability
assessment and for the purposes of this studydrson 2 proposed by (Fairbank &
Pynsent, 2000) was used. This scale is of knowdialand reliability, performs better
than other assessment tools and thus its useasgbgr supported by many authors
(Fairbank & Pynsent, 2000; Roland & Fairbank, 20D@yidson & Keating, 2002). The
benefit of this scale is its user-friendliness aigb that it is provided free of charge. It
consists of ten sections; each of them containter@is, covering different aspects of
everyday functioning (Appendix 9). The items ofleaection are scored from O to 6 and
the total score ads up to fifty which is then cate® to a score from 0-100%. It has
been suggested that for repeated measures, a minohetectable change (with 90%
confidence) is 10% and less that this may be atalile to error (Davidson & Keating,
2002).

Similarly, the SF-12° is an assessment tool containing twelve items unizags
and providing total scores for both physical and&omal functioning (Appendix 10).
Both components of this scale have been examinédlaowed adequate reliability and
validity (Luo et al, 2003; Cheak-Zamorat al, 2009). A licence to use this scale was

purchased from the QualityMetric Health Outcome®SA. In this study both scales
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have not used for repeated measures but only éomihial assessment of each patient
during the first session.

The Visual Analog Scale is one of the most accut@adés known to date for the
measurement of a subjective feeling such as paeci8l mention about VAS has been

made in Section 2.3.4 of Chapter 2.
4.3.3Treadmill & BWU System

A commercially available pneumatic device was usedpply BWU (Pneu-Lift,
Pneumex, USA) combined with a modified harnessdfilesd by Thomas et al. 2007)
which was applied at the upper body of the subjeuder the armpits (Figure 4.2). This
device was able to provide an upward force of up40 N and was equipped with a

pressure indicator and a pressure adjustment statadccurate unloading adjustments.

Pressure
Hanging indicator &
String

Air
compressor

Figure 4.2BWU system & treadmill
The treadmill used was also a commercially avadlatem (HP Cosmos Stellar 4,

Germany) able to provide inclination and speed stdjents and was equipped with an

emergency stop button.
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4. 4TESTING PROTOCOL

Each participant attended the laboratory on twasions, in the one session they
received treadmill walking with BWU and in the otheeadmill walking without BWU.
The sequence of these two conditions was randoftdgased using a computerized
stratified block randomization procedure with blsclof four. Two different
randomization tables were created, one for theeptti and one for the healthy

volunteers. For this purpose an online engine wsesd uvww.randomization.com

When each new participant entered the laboratorytHe first time, he was assigned
with the next available sequential number of thedomization table. Following
randomization the participants received 30 minofdsorizontal rest on a plinth in order
to control for physiological daily height loss aatlow spinal hydration. During this
time additional information for the procedure wageg and also, for the patients, their
disability, and pain status were assessed wittOtheestry Disability Index (ODI), the
SF-12 questionnaire and the pain Visual AnaloguseSE/AS) respectively. Additional
biometric measurements (leg lengths, ankle-knedhwjdheight, weight) where also
obtained during this time. An outline of the expeehtal procedure is presented in
Figure 4.3.
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[ Experimental procedur%&

[ LBP Patients ] < ‘ > [ Healthy volunteers}

N P

Stratified randomisation for the random allocatio
of the walking conditions between the two sessions

N N7

[Control treadmill walking ] [Supportedtreadmillwalking]

A Y 4

[ Y% hour resting time on a plinth before each Walleiegsion]

1

Spinal ROM measurement of 6 gross movements wilihelfais

1

{ % hour treadmill walking — Static/dynamic Vicon naaeements]

(VAS measurements every 5 minutes for the LBP pt]

{

Spinal ROM measurement of 6 gross movements withefais

Figure 4.3Experimental procedure diagram

After the 30 minutes of resting time, three sensord the source (Figure 4.4) of
the Polhemus Liberty device were mounted on tHevahg locations: head, over spinal
process of Thoracic 1 & 12 (T1 & T12) and the ligesource was mounted over the
sacrum and held in place using elasticized strapsypoallergenic tape (Figure 4.4).

The anatomic landmarks were identified by palpafmiowing the protocol described
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in Chapter 3. These landmarks were marked on skim avcosmetic pencil in order to
minimize the systematic error, arising by souraggse misplacing in within session

repeated measures, and speed up the reattachroeesgr

Figure 4.4Polhemus Liberty sensors & source placement

Before and after the walking session the rangeatfan of the spine was assessed
in all three planes (from the anatomic standingitipzs forward flexion, extension,
axial rotation to the left/right, lateral bendiredtlright) (Figures 4.5-4.7).

Figure 4.5Gross spinal movements in the sagittal plane @odabackward).

123



Methods

Figure 4.6 Gross spinal movements in the coronal plane (igftt bending).

Figure 4.7 Gross spinal moments in the transverse planer{igft axial rotation).

Thereafter, 14mm diameter, hemispherical, retrtectfre markers (Figure 3.12)
were mounted using hypoallergenic double sided (apeee tape) along the patient’s
spine (one over every spinous process) in the todigial axis (T1-L5) as well as over
other relevant anatomic landmarks (acromion, pebegs, etc). Overall, 37 reflective
markers were attached: 17 across T1-L5 spinal psasg 12 on the legs and 4 on the
pelvis (VICON Plug-in Gait marker configuration),ch the acromions and 2 over the
epicondyles.

Volunteers were asked to walk on the treadmill vathwithout 40% under-arm
BWU for half an hour. The subjects were topless @&nde their own trainers. Every 5

minutes the treadmill was stopped for static assests of the spine with the VICON
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motion analysis system. These static assessments werformed without the
application of BWU. The whole session thereforeoimed 7 static measurements at
each of the following times: 0, 5, 10, 15, 20, 28 80 minutes. In addition, pain status
was assessed after every static assessment opithe \gith the VAS. Six dynamic
measurements of 30 seconds were also capturedyceach of the six walking intervals.
After approximately a week, the same procedure waitlvithout BWU was repeated for
every participant.

The participants were free to stop at any time\aitkdraw from the experiment if
they felt an unbearable increase in their pairustat for any other reason. Moreover,
they walked at their own pace without any verbabthrer external encouragement. The
normal walking speed was self-selected for eachkiggzant, on the treadmill without
BWU, before the initiation of the first walking s#sn and this speed was only adjusted
when appropriate during the two sessions of trethdmiking. Normal walking speed
was defined as the speed which each participameveel was closest to his normal
overground walking.

The duration of the study for each participant vagproximately three hours,
ninety minutes for each session (10 minutes intttdn, 30 minutes laying on a plinth,
10 minutes marker/sensors attachment, 10 minugesasient, 30 minutes walking with
or without BWU on the treadmill).

4.5DATA PROCESSING
4.5.1Spinal ROM Analysis

For the analysis of the spinal ROM data, the paitoescribed in chapter 2 was
followed. In order to calculate the total angulaspthcement of each spinal section,
measured by the Polhemus Liberty, the averageeothiee repetitions was calculated
(Figure 4.8).
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Figure 4.8Points used for calculation of spinal angles (bhasebeaks).

The equation below shows how the angles of eactakpiovement were calculated:
A=B+C{R.R.R}
Where, A= spinal angle

B= average of the 100 baseline frames

C = average of three peak values

All three repetitions were recorded as one trialeach movement. Polhemus
liberty has a built in option where the startingsiion can be electronically aligned and
the baseline appear to start from zero. Howeves, dption was not chosen so as to
simplify the procedure and avoid any electroniefadts. In order to standardise the
baseline condition, the first 100 frames (F) weveraged and the absolute mean was
obtained. Then, the absolute mean of the threespealkes (BP,,Ps) was calculated.
The absolute difference between the baseline amanigan peak value was used as the

angle of movement.
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4.5.2Vicon Data Residual Analysis

Raw kinematic data usually contain additive noigecW results in random errors
in the differentiated data. For this reason, tive data have to be smoothed using digital
filtering techniques. However, this is not alwaysteaight forward procedure and for
best results an appropriate filter with an optimat-off frequency should be chosen by
the user. It has been suggested that for human mevedata the Butterworth type
filters should be preferred (Winter, 2005). Alsa, arder to find the optimal cut-off
frequency for a given signal a residual analysisukh be performed (Winter, 2005).
With this procedure it is possible to assess theatlen between the filtered and
unfiltered data over a series of different cutfofiquencies (Naganet al, 2003). When
choosing a cut-off frequency the compromise is ginabalance between the amount of
noise allowed and the degree of signal distortidimter, 2005). A theoretical approach
of the residuals between filtered and unfiltereghal as a function of the filter cut-off

frequency is presented in Figure 4.9 (Winter, 2005)

Figure 4.9 Residuals between filtered & unfiltered signabdsinction of filter cut-off frequency (adapted
form Winter, 2005).

For N samples of signal points, the residual at anyofufrequency is calculated

with the following equation (where;X raw data,(AZi = filtered data):
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For the purposes of this project, & drder zero-phase shift Butterworth filter was
used. This filter was a VICON plug-in Butterwortittdr which was developed in the
Bioengineering Unit since it is not provided in tsiandard Vicon version. A residual
analysis was performed on each coordinate (XYZ) @aveange of reflective markers
positioned on different anatomic landmark§ tioracic (TH1), 1 lumbar (LU1), heel
(LHEE), knee (RKNE)) in order to obtain the optin@lt-off frequency. It has been
suggested that for walking data the optimal cutb@uency should be at around 6Hz
(Winter, 2005). In the current study the noise eahbf the trajectories was found to be
minimal. This is obvious in figure 4.10 where reg@ptative raw data appear to be
smooth without any major deviations. The same greyglicates that higher cut-off

frequencies should be used since lower frequericees3Hz) seem to slightly distort the

signal.
1270 - —— Raw data
— 3H
1265 | SHz
- 1260 - — e
é 10Hz
g 1255 -
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)
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1235 | = ‘ ‘ ‘
0 0,2 0,4 0,6
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Figure 4.10Trajectory filtered with Butterworth filter overrange of cut-off frequencies.
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The low noise content is further verified by thesideial analysis of the XYZ
coordinates of various Vicon markers (Figure 4.1d4)Figure 4.11 the residual shows
that all markers in vertical displacement (Z) shmwer up to 7 Hz, while this is limited
to 4Hz in the horizontal (X and Y) displacementkisTlow noise content of the raw data
can be easily explained by the fact that the walkirals took place on a treadmill where
the Vicon cameras had to cover much smaller voltivae overground walking and also
the quite large size Vicon markers were used (14 mnthis study which made them
easily visible. In addition, only the location oihgle markers was used and hence
combined errors found in three dimensional axigesys, using multiple markers, was

not present in the data.
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Figure 4.11 Comparison of the effect of different cut-off frespcies on XYZ marker coordinates.
The RMS residual of all markers in all coordinagé¢drequencies >5Hz was less
than 0.01 mm. Thus, in order to cover the varigbiif the whole dataset and also to

provide an optimal filter, with minimal signal distion, a cut-off frequency of 7Hz

were chosen for all the trajectories apart fromséhaised to identify the frequency
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response (spine markers (TH1-LU5) of the dynamaddly of the spine during walking.

For those trajectories a cut-off frequency of 1@¥s chosen.
4.5.3Spinal Elongation Analysis

The spinal length was calculated from the reflextmarkers attached to each
spinal process of the thoracic and the lumbar saggn@&igure 4.12). Change in spinal

length was calculated relative to the baseline oreasent.

Figure 4.12VICON marker placement on each spinal procesharfcic & lumbar segments.

The XYZ coordinates of the spinal markers (TH1- DWere imported in Matlab
(Figure 4.13). By applying the Pythagoras’s theorienthree dimensions the length

between 2 markers could be determined.
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Figure 4.13Spinal coordinates in 3D space.

From 17 markers, 16 segments were created. Thustdldength of the spine was

found by adding the distances among those 16 segmen

If A'is point (spinal process) defined by a Vicoanker,

Then, A=,c?+u?+2?)

Thus, the difference between two pointg-@y) is expressed by the following equation.

(A~ A,)=y(C,- C,)2+(U, - U,)2 +(Z, - Z,)*

And total length
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In addition, the total spinal length was also eated by calculating the absolute
difference between the TH1-LU5 markers. This catah does not take into account
the spinal curvature and was conducted as an atteermethod for verification reasons.

The participants were asked to standstill during tcording of the static trials
used for the spinal length estimation over timee Eetcuracy and reliability of this
method was tested in a rigid surface imitating hurspine with mean measurement
error below 0.01 mm for both within and betweenfaldnt day’s measurements
(Appendix 12, Figure 1). However, because it idialift to standardise a standing

position without an external support some erroictde induced in the measurements.
4.5.4Posture Analysis

Apart from the change in the spinal length of thedg participants, another
important parameter was the change in posture glusalking. A number of Vicon
markers were used in order to divide the spine dhfterent segments which were
considered as rigid bodies and allowed segmentdysis (Figure 4.14, Primal Pictures
Ltd, 2008). The Vicon axes system convention shawhkigure 4.14 and used in this
analysis was different than the one described iapths two and three. This was
because in the main study, a different Vicon systers used (6 camera Vicon 612) than

the one used for the Polhemus validation study(Bera Vicon 612).
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Figure 4.14Marker configuration for identification of spinaégment angles.

Three segments defined in total: upper thoracic)(UI-T6, lower thoracic (LT)
T7-T12, and lumbar (LU) L1-L5. With this marker d¢guration, five local coordinate
systems were established in the spine and relatigees were calculated. Thus, five sets
of angles were obtained (three spinal segmentsispahd the orientation of the trunk as
total) and each of these angles representing tlsiviee angles between adjacent
segments. The lumbar angles were given by the tatien between the pelvis and the
lumbar local coordinate systems (LCS), the lowardhic angles between the lumbar
and lower thoracic LCS, the upper thoracic betwiaenlower and upper thoracic LCS,
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and the trunk orientation as a total was estimbtethe relative orientation between the
thorax LCS and pelvis LCS. The pelvis segment welned by three real markers
(right-left anterior superior iliac spines (RASISASIS) and the % lumbar (L5)) and
one virtual point created in the mid-distance bemnvéhe RASIS and LASIS (Figure
4.14). In this coordinate system the X axis wagrad with the first defining line and
the Z axis was perpendicular to the plane betwherfitst and second defining lines.
The Y axis was perpendicular to the plane createdhb X and Z axes. The trunk
segment was defined by a similar marker configanationsisting of three real markers
(left-right acromions (LA, RA) and the’thoracic marker (T1) and one virtual marker
established in the mid-distance between the tworaion markers. In order to establish
the coordinate systems in the three spinal segm#msvirtual markers were used to
define the second defining line. Since the virtongrkers were primarily used by the
reference coordinate systems (pelvis, trunk) thation about Z axis could not be
obtained. Thus, for the three spinal segment oolgtions about X and Y axes (side-
forward/backward flexions) were calculated and tiotes about all three axes for the

pelvis and trunk segments.

4.5.5Spinal Vibration Analysis

For the analysis of spinal vibration during walkingourier analysis of the
dynamic data was carried out to identify the frewues of peak vibration activity in
both participant groups. Dynamic trials of 10 setowere captured by the VICON and
used to identify the frequency response of theespiime data across all the participants
were imported and analysed in Matlab (The Mathwdkd&k2008b). Particularly the
dynamic trials at the baseline and™3@alking minutes (from each participant) were
chosen for the analysis. Each dynamic trial wadaioimg the change in spinal length
over a ten seconds walking period (Figure 4.15)s T& the raw signal in the time
domain which then examined in the frequency donfkigure 4.16) to identify peak
patterns and magnitudes during different walkingditions. This choice was made
under the assumption that the spine and the suthogtissues would be preconditioned

after 30 minutes of walking and probably show défe response from the initial
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walking sessions and thus the overall as well a&sdifference in spinal frequency
response over time was examined. The frequencyomespof the lumbar and the

thoracic sections were studied separately.

Figure 4.15Relationship between stepping frequency and spasonse.

The power spectral densities of the spine duringnab and supported walking
were identified and the differences will be presdnin next chapter both statistically
and graphically (Figure 4.16).

Peaks

Figure 4.16Typical spine frequency response

In particular, the power spectral density (PSDeacth participant’s dynamic trial

was determined to identify the frequency resporfséh® lumbar and thoracic spine
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respectively. The peak frequency responses wene plooled (separately for each
participant group, spinal segment, sampling peaad walking condition) and t-tests
were used (in 1 Hz increments) to compare peakuéegy responses in different

walking conditions.

4.5.6Gait Analysis

The temporal-spatial parameters of the participamse recorded with the Vicon
system using the Plug-in-Gait marker configuratigéay gait events like heel strike and
toe-off were identified manually since no synchseal foot switches were used. These
events where identified by the synchronised digitainera and marked in the Vicon

workstation with the relative function (Figure 4)17

Figure 4.17Vicon workstation (Plug-in-Gait & Gait cycle evddentification tool).

Lower limb angles (pelvis, hip, knee, and ankleyevealculated automatically by
the relevant VICON pipeline function based againtlos Plug-in-Gait marker set. The
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main temporospatial parameters of particular irsteaee the: cadence (step/min), stride
length (cm), swing and stance time (s). The temgmabal parameters as well as the
angular displacements of the lower limbs were erathifor all participants and for both
walking conditions. The gait differences betweenkwg conditions and participant

groups will be examined statistically and presemmeitie next chapter.

4.6 STATISTICAL ANALYSIS

Descriptive statistics were calculated and the attaristics of the study
population will be described. Data across all samgpperiods, for each participant
group, were pooled and analyzed collectively andbiath walking conditions. Spinal
data were analyzed both as a whole and segmertaliybar, thoracic). Repeated
measures ANOVA was used to examine potential diffees between the experimental
conditions (with and without BWU) and between greuf@ontrol, LBP patients).
Statistical significance was considered when pG50The dependent variables which
were examined for differences over time, betweeugs and between different walking
conditions are: a) spinal elongation, b) range otiom, c) reported pain, and d) peak
vibration activity. Post hoc tests of these depahdariables were performed with
respect to time, contrasting with the initial cdrah.

In addition, correlation analysis was performe@xamine the relationships among
thereported pain status and disability level with threeasuredspinal elongation, spinal
shape, range of motion, peak vibration activity gad temporal-spatial parameters. The
data were analyzed with the SPSS v18 (Statistiaek&ye for the Social Sciences).

4.7 SUMMARY

In Chapter 4, the methods used for the accomplishofethe body weight support
treadmill walking study were described. Main theragthis chapter were the participant
selection and recruitment, the testing protocolvai as the data processing and the
statistical analysis of the findings.

In the next chapter, results chapter 5, the finglioigthis study will be presented.
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CHAPTER 5RESULTS
5.1INTRODUCTION

The current chapter presents the results of thedwbanical study described in
Chapter 4. The results categorized in three sex@mgeording to chronological order of
the outcome measures during the RCT. Thus, acaptdithis order three measurement
categories were identified:

I. Those obtained before and after the 30 minute wglkession (dynamic).
ii. Those obtained between the 5 minute walking inter{satic).
iii. Those obtained during the 5 minutes walking intksr¢dynamic).

Figure 5.1 illustrates the outcome measures faitirthe above categories.

After
| —
/’ J— _ N
out setween Sainal length
utcome - inal leng
RCT |—» —»| walking |— P
measures intervals )
\§ J
\/_—\ ~
During Frequency
walking | = | response,
periods Spinal motion,
— .
Gait parameters
Y,

Figure 5.1 Results presentation diagram

In order to assist the reader and for better utaedsng of this chapter, the results
of an individual will be presented as a case stuflye collective results of all

participants will follow the case study and will peesented in a similar manner.
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5.2PARTICIPANT CASE STUDY

For the purpose of this case study, the first p@dnt from the patient group was
chosen. The following table (5.1) contains bioneettharacteristics as well as the
disability scores of this participant.

Table 5.1Participant characteristics.

Patient 1
Age 50
Height (m) 1.71
Mass (kg) 87
BMI 29.75
Walking speed(km/h) 3.2
ODI scorer 20%
SF-12(PCS)** 39%
SF-12(MSC)*** 32%

*Oswestry Disability Index, **Physical component
score, **Mental Component Score

This patient was overweight according to his BodgsklIndex (BMI, overweight
= 25-29.9) and reported minimal disability (ODI se®-20%). In addition, both SF-12

components were below average suggesting that L&Pahsignificant effect on his
quality of life.

5.2.1Before & After Walking Measurements

The main variable measured before and after eathingasession was the spinal

range of motion during six dynamic gross spinal ermoents (Figure 5.2).

Figure 5.2 Schematic representation of gross spinal movements

139



Results

The values of the lumbar movements are present@adbte 5.2 both as single or

combined (excursions) movements in each of theethi@nes of movement.

Table 5.2Lumbar ROM in six gross movements before & aftamtool and experimental treadmill

walking.

Lumbar Control Walking Supported Walking

Movements (°)
Before After ROM | Before After| ROM

Forward Flexion 46.1 45.6 -0.5 34.3 34 -0.3
Backward extension| 18.4 16.4 -2 8.9 94| 0.5
Forward-Backward
(excursion) 64.6 62.1 |-25 43.2 43.4| 0.2
Lateral bending right 14.4 16.2 1.8 14.7 14.3| -04
Lateral bending left | 12.9 12 -0.9 11.4 11.1/ -0.3
Lateral bending
(excursion) 273 282 |09 26.1 25.4-0.7
Axial rotation right | 3 2.8 -0.2 3.8 42| 04
Axial rotation left 5.4 4.4 -1 3 44| 14
Axial rotation
(excursion) 8.4 7.2 -1.2 6.8 8.61.8

No large differences in the lumbar angles in theigemovements can be observed

after each walking session. However, a significdifference exists in the forward

flexion of lumbar spine between the two measureng@ys indicating differences in

performance between different days.

Similarly, Table 5.3 presents the angular displaa@sof the thoracic segment, in

respect to the pelvis, during the same gross moneme
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Table 5.3Trunk ROM in six gross movements before & aftemtcol and supported treadmill walking.

Trunk Movements Control Walking Supported Walking
)

Before After ROM | Before After| ROM
Forward Flexion 40.3 42.3 2 30.3 219 | -84
Backward extension| 44.6 47.2 2.6 59.5 24.3| -35.2
Forward-Backward
(excursion) 84.9 89.5 | 4.6 89.8 46.2 -43.6
Lateral bending right 57 52 -5 55.3 55 -0.3
Lateral bending left | 49.2 44.6 -4.6 46.6 46.8| 0.2
Lateral bending
(excursion) 106.2  96.6 |-9.4 101.9 101.8 -0.1
Axial rotation right | 35.9 44.9 9 41.8 41 -7
Axial rotation left 29.2 31.7 2.5 12.9 20 7.1
Axial rotation
(excursion) 65.1 76.6 115 54.7 61 |6.3

Differently to the lumbar segment, the majority tbE movements in the trunk
segment exhibited large changes in respect to ptkivg measurements.
In Table 5.4 the whole spine angle values, in retsfoethe pelvis, in the four gross

spinal movements of this patient are presented.
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Table 5.4Total ROM in six gross movements before & after contrad aupported treadmill walking.

Control Walking Supported Walking
Total Spine
Movements (°) Before  After ROM | Before After| ROM
Forward Flexion 59 55.2 -3.8 41.4 40.1 | -1.3
Backward extension| 41.6 37.7 -3.9 47.9 424 -55
Forward-Backward
(excursion) 100.6 929 |-7.7 89.3 82.5 | -6.8
Lateral bending right 66.8 66.4 -04 36.9 51.2 | 143
Lateral bending left | 70.4 69.2 -1.2 48.1 58.1 | 10
Lateral bending
(excursion) 1372 1356 | 26 g5 109.3| 24.3

Similarly to the trunk segment, large differencesaeen the pre and post walking
measurements, in both walking conditions, were dtamnd in some of the gross

movements of the total spine segment.
5.2.2Between walking intervals measures

The variables measured statically between the ngliitervals of each walking
session, were the self-reported pain level andrtbéasured spinal length.

Figure 5.3 shows the change over time in the maiallof the individual during the
control and supported walking. For illustration poges a continuous figure used,

instead of an interval one, although reported gairot a continuous variable.
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Figure 5.3 Self-reported pain scores measured with VAS

The particular LBP patient showed a decrease im pafer time during the
supported walking and no change during the comtedking. However, the pain level at
baseline was significantly higher at the day ofékperimental walking.

Figure 5.4 illustrates the variation of the spitaigth during the supported and

control walking.
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Figure 5.4 Total spinal length change over time

It is clear that the spinal length is significanihgreased, by approximately 1.5%
of the total length, during the supported treadmdlking. No large change is observed
in the spinal length during the control treadmiléliwng. The increase of the spinal
length during the supported walking can be probabbociated with the reduction in the
reported pain levels (Figure 5.3).

5.2.3During walking sessions measurements

The outcome measures presented in this sectiothargequency response of the
spine during walking, the segmental spinal motiomalgsis as well as the gait
characteristics during supported and control tretavalking.

Figure 5.5 below demonstrates the frequency regpahsthe lumbar spine at
baseline and at 30 minutes of supported and coméadmill walking.
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a)
Supported
Control
b)
Supported
Control

Figure 5.5Frequency response of the lumbar spine (1-3, 3)6&Ha) baseline and b) 30 minutes of
treadmill supported and control walking.

Power spectral densities (PSD) in both walking domas and measurement times
show similar patterns. In Figure 5.5 it is evidérdt during control walking the power
spectral densities are higher especially in fregigsnbelow 1 Hz. This frequency is
related to the periodic stepping frequency duriag. gSignificantly lower peaks, than
those in frequencies between 1-3 Hz, are obsenvie digher frequencies between 3 to

6 Hz which again are higher in control that thaseupported walking.
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In a same manner, Figure 5.6 shows the power spetensities of the thoracic

segment during both walking conditions.

a)
Supported
Control
b)
Supported
Control

Figure 5.6 Frequency response of the thoracic spine (1-3H2)6at a) baseline and b) 30 minutes of
treadmill supported and control walking.

Peaks observed in the thoracic segment show ditfgratterns than the lumbar
segment indicating significantly decreased poweecspl densities. No obvious

variation exists between measurements (baselineif3tes).

Gait characteristics and spinal kinematics

Table 5.5 illustrates the temporal-spatial and ikiagc differences between control

and supported walking of the individual.
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Table 5.5Temporospatial gait variables.

Control Supported

Variable - .
Left Right Left Right

Cadence (step/min) 100 103 95 96

Stride time(s) 1.2 1.16 1.27 1.25
Step times) 0.63 0.57 0.62 0.63
Foot off (% cycle) 66.7 68.1 66.1 65.6
Opposite foot of{% cycle) 16.7 16.4 15.7 15.2
Opposite foot contagts cycle) 47.5 50.9 51.2 49.6
Single support cycle) 30.8 30.5 35.4 34.4
Double support cycle) 35.8 33.6 30.7 31.2
Est. Stride lengtkm) 1.06 1.03 1.13 1.11

The main observation from the temporospatial giracteristics is that the
estimated stride length and the single support eineeincreased while the cadence and
the double support time are decreased in the stggporalking when compared to the
control treadmill walking.

In Table 5.6 below basic lower body kinematics presented. Those include

pelvic rotations about all three axes and hip ameekangles about one major axis.

Table S.6wer body kinematics during walking

Angle (°) LBP patient
Supported Control

Pelvic tilt 3.5 3.4
Pelvic obliquity 3.34 3.1
Pelvic axial 6.7 4.86
Knee flexion (right) 54 60
Knee flexion (left) 54 60
Hip excursion (right) 37 33
Hip excursion (left) 37 32

Form the data presented in Table 5.6, it seemsthigaknee flexion angles are
decreased during the supported walking while theexicursion angles are increased.
The last variable examined in this section is tgnsental spinal movement in relation

to the adjacent segments. The spine was separdtethiee segments (upper thoracic,
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lower thoracic, lumbar). Additionally, angles oktlwhole trunk in relation to the pelvis
were also calculated. The angular displacementisreé spinal segments and the whole

trunk are summarized in Table 5.7.

Table 5Spinal kinematics during walking

Angle (°) LBP patient
Experimental  Control

Lumbar sagittal 1.52 2
Lumbar coronal 3.66 3.58
Lower thoracic sagittal 11 1
Lower thoracic coronal 5.1 1.65
Upper thoracic sagittal 1.7 0.6
Upper thoracic coronal 1.67 1.58
Trunk sagittal plane 3.2 2.2
Trunk coronal plane 5.95 5.57
Trunk transverse plane 5.65 5.89

The majority of the spinal angles did not exhibitedge differences between
different walking conditions. Trunk movement patterof the particular patient are

illustrated in Figure 5.7.
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Figure 5.7 Trunk movement patterns during control walking igatt 1, mean + SD of 10 gait cycles).
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5.3LBP PATIENT & HEALTHY PARTICIPANT RESULTS
5.3.1Participant characteristics

In this section the main characteristics of theiggants recruited for this study
are presented. A total of 19 low back pain patiemd 21 healthy individuals recruited
in the trial between April 2009 and September 2@dkic biometric parameters as well

as disability mean scores of the patients aretititesd in Table 5.8.

Table 5.8LBP patients & control participants charactersfimean + standard deviation)

Patientsi = 19) Healthy N=21)  Cdif p=.05

Age 47.2 (9.4) 37.6 (7.9) 9.6 <.01
Height (m) 1.74 (0.05) 1.78 (0.06) .04 .01
Mass (kg) 80.5 (13.3) 77.5 (10.8) 3 4
BMI 26.7 (4.1) 24.3 (2.6) 2.4 .03
Walking speed(km/h) 3.34 (0.84) 3.74 (0.57) A4 .09
Pain (weeks) 14.5 (8.2) - - -
ODI scorer 21.7 (12) - - -
SF-12(pPCS)** 40.1 (7.9) - - -
SF-12(MCS)*** 48.7 (11.3) - - -

Independent samples t-test, *Oswestry Disabiliyebq **Physical Component Summary,
***Mental Component Summary

Patient mean pain duration was 14.5 (8.2) weeledsl patients (57.9%) reported
that their pain was due to injury and remainincghei@2.1%) could not recall a specific
reason. Additionally, ten patients (52%) reportexvihg at least one low back pain
episode in the past.

Regarding the recruitment process, 40 patients wpproached in total by the
clinician (Ms Susan Smith) (Figure 5.8).
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Figure 5.8Patient recruitment process.

From the total of forty patients approached, omlg wvere refused participation in
the study. However, nine further patients were @@l due to various reasons (1 for
heart problems, 3 obese, 5 with LBP symptoms camlyleesolved). Additionally, nine
of those consented at the clinic, when contactethbyauthor refused to participate due
to time, family and work related issues. Detailenir each participant’'s biometric,

disability and social characteristics are presemetppendix 11.
5.3.2Disability profile of LBP patients

Disability status of all LBP patients was assess@iti the Oswestry Disability
Index (ODI) and the SF-12 Health Survey. Those tpmsaires were administered
before the first walking session.
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Oswestry Disability Index

ODI Score (%)

123456 78 910111213141516171819

Patient Number

Figure 5.9 Oswestry Disability Index Scores of LBP patieris=(19).

The mean Oswestry disability score for all 19 patevas 21.7% which indicated
a minimal to moderate mean disability score. Spedlf/, nine patients produced a
disability score between 0-20% (minimal disabilitg)ne patients had scores between
20-40% (moderate disability) and only one patigmbvged a score between 40-60%
(severe disability) (for scoring system see Apper8)i Patients 4, 11 and 14 reported
no pain in the Visual Analogue Scales (VAS) and seems to reflect in their disability

scores, at least in patients 11 and 14 (Figure 5.9)
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SF-12 Health Survey
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Figure 5.10SF-12,, Health Survey scores for both Physical Componentr8ary (PCS) and Mental
Component Summary (MCS) scorés< 19).

The mean score of the Physical Component Summ&$g)Bcore was 40.1 (+7.9)
and for the Mental Component Summary (MCS) mearesa@as 48.7 (x11.3). In SF-12
the PCS and MCS scores are computed using thessobtbe twelve questions with a
range from 0-100. Differently to the ODI, higheoses in PCS and MCS indicate better
health. A score of O indicates the lowest leveheélth and the 100 the highest level of
health measured by the scales. In total, fourtagrobnineteen patients scored higher
MCS scores than their PCS scores. Again here S&atifys of patients 11 and 14 were
among the highest in the group (Figure 5.10). Ratdlevhile reports no pain in VAS, his

ODI scores indicate moderate disability and belgerage quality of life scores.

5.4BEFORE AND AFTER WALKING SESSION MEASUREMENTS
5.4.1Spinal Range of Motion

The differences in mean ROM values were analyséumwand between groups of
LBP patients and healthy participants. All ROM datxe plotted in histograms in order

to examine their normality. Additionally, the dibution was further tested with
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Kolmogorov-Smirnov tests. None of the samples wsignificantly skewed which
allowed the use of parametric tests.

Specifically, a one-way repeated measures anabysiariance design (ANOVA)
was used. The ANOVA examines the hypothesis thatneans (three or more) of a
sample are equal. In this design, there was onkiW8ubjects factor which consisted
of four levels (supported walking 12" measurement), control walking (12"
measurement)) and a between Subjects-Factor whigb the participants group
(patients, healthy). The assumptions of homogenrey sphericity were checked in
order to choose the appropriate test to examinevéiiences across sample means.
When the assumption of sphericity was violated,dbégrees of freedom were corrected
by using the Greenhouse-Geiser test values. Equalyen the assumption of
homogeneity was violated, in one variable, the whidta set of the specific variable
was transformed in order for the accuracy of thiedfto be maintained.

Specifically, for the analysis of variance desigsed in this study the null
hypothesis (k) was:

Ho = RESl = Rasz = RECl = Racz = HESl = HEsz = HECl = HECZ

Where, C= mean of each sample (2 groups * 2 walking coodi * 2
measurements = 8 means)

P= patients group, H = healthy participant groygp; supported walkinge =
control walking

The alternative hypothesis {Hfor this design is accepted when two or more
means differ.

Tables 5.9 to 5.11 present the descriptive stegidbr all six gross movements
from the lumbar, thoracic and cervical segmentpeetively. In these tables, simple
paired t-tests were conducted to compare eachop&OM measurements for each of
the walking sessions. Similarly, Tables 5.12 to45llustrate the ANOVA results for
every gross movement of each spinal segment. Appdridincludes individual ROM

values for both participant groups and about aflamross movements.
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Table 5.9Lumbar segment ROM’s during six gross movementammean differencef(dif ), statistical significancep(< 0.05))

LPB Patients

Healthy Volunteers

Lumbar Control Walking Supported Walking Control Walking Supported Walking
Movements (*) (N =19) (N =19) (N =21) (N =21)

Before  After| cyif p. | Before After | cyif p. | Before After | cyif p. Before After| cyif
Forward Flexion 40.5 40.1| -4 | .66 |41.2 38.3 -29 @_2) 53.2 51.7| -1.5 51.2 498 -14 A2
Backward extension| 10.4 112, 8 |.29 |105 116 1.1 .23|144 14| -04 | .5 132 133 1 8
Forward-Backward | 50.9 513 04 |.76 |51.7 499 -18 .31/67.6 657 -19 .11 | 644 631 -13 37
(excursion)
Lateral bending righ{ 14.8 146, -2 |.78 |[14.3 139| -04 | .44 |195 19.6| 0.1 184 18.1| -3
Lateral bending left | 14.2 148/ 6 |.3 151 148 -03 .6 [194 198| 04 | 4 18 17.3| -7 2
Lateral bending 29 294 04 |68 | 294 287 -07 .43/389 394 05 |.25 |364 354 -1 .94
(excursion)
Axial rotation right | 6.7 6.4/ -3 |.67 |73 7.2 -0.1 .8 |6.8 6.6| -0.2 6.8 6.5 -3
Axial rotation left 8.9 7.5 -1.4 ’0_0\ 9.4 9.6 -0.2f .7 |8 8.2| 0.2 8.2 78| -4
Axial rotation 15.6 139 -1.7 6_6 16.7 158 -0 .71/148 148 0 |.93 | 15 143 -7 .26
(excursion)

p < 0.05(paired samples t-test)
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Table 5.10Trunk segment ROM'’s during six gross movements (meean difference@dif ), statistical significancep(< 0.05))

LPB Patients

Healthy Volunteers

Trunk
Movements (°)

Control Walking
(N =19)

Supported Walking
(N =19)

Control Walking
(N =21)

Supported Walking
(N =21)

Before  After| cyif p. | Before After | cyif p. | Before After | cyif p. Before After| cyif p.

Forward Flexion 51.4 494, -2 | .35 499 46.6 -3.3 .13/63.2 645| 1.3 |.53 64.7 655 .8 .66
Backward extension| 29.1 29.7, .6 |.79 329 306 -23 .32/329 324 -5 |.75 351 325 -26 A1
Forward-Backward | 80.5 79.1| -0.6 | .63 828 772 -56 .09/9.1 9694 .8 |.80 99.8 98| -1.8 .50
(excursion)

Lateral bending righ{ 42.3 40.6| -1.7 | .10 41 41.1 0.1} .88|46.4 46.2| -2 | .66 46.3 451 -1.2 .16
Lateral bending left | 43.4 418/ -1.6 |.14 | 433 435 0.2 .86(458 4684 1 |.28 |455 46.6 1.1 .36
Lateral bending 85.7 82.4| -3.3 | .07 843 846 03 .81|922 93| .8 |.60 91.8 91.7| -1 .34
(excursion)

Axial rotation right | 37 384 | 14 | .43 414 375 -39 .08/41.8 41.7 -1 |.92 40.6 428 2.2 19
Axial rotation left 39 379 | -1.2 | .55 37.7 355 -22 .12|38 39.8 1.8 | .24 385 383 -2 .90
Axial rotation 76 763] 03 |93 | 791 73| 64 04798 814 17 |40 | 791 811 2 34

(excursion)

GGl

p < 0.05(paired samples t-test)
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Table 5.11Total spine ROM'’s during six gross movements (meagan difference@dif ), statistical significancep(< 0.05))

LPB Patients

Healthy Volunteers

Total Spine
Movements (°)

Control Walking
(N =19)

Supported Walking
(N =19)

Control Walking
(N =21)

Supported Walking
(N =21)

Before  After| cyif p. | Before After | cyif p. | Before After | cyif p. Before After| cyif p.

Forward Flexion 53.9 56 | 2.1 |.28 522 499 -23 .36/68.1 69 9 | .77 674 699 25 27
Backward extension| 59 60.5 1.5 | .57 60.4 61.3 9| 73|76.7 778 1.1 |.60 756 735 -21 A4A(
Forward-Backward | 112.9 116.5 3.6 | .36 1126 111.2 -14 .70|1448 146.8 2 |.50 143 1434 0.4 .9(
(excursion)

Lateral bending righ{ 59.2 57.8| -1.4 | .53 57.1 57.3 2| 95/758 739 -19 | .41 746 745 -1 91
Lateral bending left | 61.2 60.2| -1 |.66 59.7 584 -1.3 .54|73 76 3 |.19 709 732 23 24
Lateral bending 120.4 118 | -2.4 | .48 116.8 1157 -1.1 .74|148.8 1499 1.1 | .74 1455 147.7 2.2 A9

(excursion)

p < 0.05(paired samples t-test)
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Table 5.9 contains the mean values of the lumbgmeat along with a statistical
comparison of the mean angular difference of ewgoss movement in each walking
condition. Two statistically significant differercevere observed in this table, one
indicating a decrease (-2.99,= .02) of the forward flexion movement in the LBP
patients group during the supported walking. Theosd one it is also shows a
significant decrease (-1.48,= .002) of the left axial rotation in the LBP patt group
during the control walking session. In addition, tins table it can be observed an
important deviation between groups ROM mean valogerward-backward and left-
right lateral bending movements, with healthy vodens to exhibit greater values.

In the trunk segment (Table 5.10), there is onle atatistically significant
decrease (-6.1% = .04) in the total axial rotation (excursion) betLBP patient group
during the supported treadmill walking session. iAghere, the healthy participant
group has higher ROM mean values than those diBfepatient group.

In the total spine (Table 5.11), no statisticallyngficant difference is observed in
the mean ROM values. However, the mean ROM valtitsechealthy group were again
greater than those of the LBP patients group.

It is worth mentioning that in Tables 5.12 to 5.14hder the headings of
“Sphericity” and “Homogeneity”, the words Yes/Nopmared for each of the variables.
When the word “Yes” is indicated the assumptionssplfiericity or homogeneity are

maintained, otherwise they are violated.
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Table 5.12Main ANOVA values for six gross movements of thenbar spine.

LUMBAR Sphericity | Homogeneity | Deg. of F-Ratio | p-value
Freedom

Forward flexion | No Yes

Test of within 19,72 2.1 13

subject effects

Interaction 1.9,72 1 .36

Test of Between

groups effects 1, 37 8.4 @@

Extension No Yes

Test of within 2.4, 87.5 A7 .67

subject effects

Interaction 2.4,87.5 .99 .39

Test of Between

groups effects 1.36 2.5 A3

Lateral bending | No No

Right

Test of within 19.2, 8.7 2.2 A2

subject effects

Interaction 4.8, 8.7 .55 57

Test of Between

groups effects 1, 36 10.5

Lateral Bending | No No

left

Test of within 1.9, 69 15 .23

subject effects

Interaction 1.9, 69 2.5 .09

Test of Between

groups effects 1, 36 8.9

Axial Rotation Yes Yes

right

Test of within 3,105 1 .38

subject effects

Interaction 3, 105 1 .39

Test of Between 1,35 .18 .68

groups effects

Axial Rotation No Yes

Left

Test of within 21,73 2.7 .07

subject effects

Interaction 2.1,73 36 | (.03

Test of Between —

groups effects 1,34 0.8 .37
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Table 5.13Main ANOVA values for six gross movements of thenk segment.

TRUNK Sphericity | Homogeneity | Deg. of F-Ratio | p-value
Freedom

Forward flexion | No No

Test of within 2.4,90 .10 .93

subject effects

Interaction 2.4,90 91 42

Test of Between

groups effects 1, 37 11.9 @

Extension Yes Yes

Test of within 3,111 3.2 .0

subject effects @

Interaction 3,111 34 .80

Test of Between

groups effects 1, 37 74 .39

Lateral bending | Yes Yes

Right

Test of within 3,108 .87 .46

subject effects

Interaction 3,108 54 .66

Test of Between

groups effects 1, 36 4.4 @

Lateral Bending | No Yes

left

Test of within 2.2,80.8 19 .85

subject effects

Interaction 2.2,80.8 .97 .39

Test of Between

groups effects 1, 36 2.4 13

Axial Rotation No Yes

right

Test of within 2.2,80.2 b1 .62

subject effects

Interaction 2.2,80.2 2 14

Test of Between

groups effects 1,37 1.6 22

Axial Rotation No No

Left .

Test of within 1.6, 59.6 9 Q_opl

subject effects

Interaction 1.6, 59.6 .62 51

Test of Between

groups effects 1, 36 .36 .55
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Table 5.14Main ANOVA values for six gross movements of theat@pine.

TOTAL SPINE | Sphericity | Homogeneity | Deg. of F-Ratio | p-value
Freedom

Forward flexion | No Yes

Test of within 1.6, 59.2 .34 .66

subject effects

Interaction 1.6, 59.2 .33 .67

Test of Between

groups effects 1, 37 6.3 @

Extension Yes Yes

Test of within 3, 111 .35 .79

subject effects

Interaction 3, 111 1.3 .26

Test of Between

groups effects 1, 37 13 @

Lateral bending | Yes Yes

Right

Test of within 3, 108 44 73

subject effects

Interaction 3, 108 .019 .99

Test of Between

groups effects 1, 36 18 @

Lateral Bending | Yes Yes

left

Test of within 3, 108 1 .36

subject effects

Interaction 3, 108 .90 44

Test of Between

groups effects 1, 36 15.6 @

The results from the ANOVA models presented in Tlables 5.12 to 5.14 are
confirming the findings of the descriptive datagmeted in Tables 5.9 to 5.11.

For the lumbar segment, Table 5.12, there wasrafis@nt effect in the between
subject factors for the forward flexion, right letke bending and left lateral bending
indicating that the ROM of these gross movement®w@nificantly different between
0.45
respectively). Additionally, in the lumbar segmeatsignificant interaction effect was

participant groups and vyield large effect sizes=(x43, r = 0.48, and r =

found between the walking sessions and particigaoiips in left axial rotation gross

movement. However, this interaction yielded a snedfect (r = 0.22). No further
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significant main effects (within subject effectd)etween subject effects or their
interaction was found in this segment indicatingadiy of variances for the rest of the
variables.

For the trunk segment, Table 5.13, there was afiant effect in the between
subject factors of the forward flexion and rightelal bending variables indicating a
significant differences between the participantugo in the ROM of those gross
movements. Both effects yield medium to large eff@zes, r = 0.49 for the forward
flexion and r = 0.33 for the right lateral bendigditionally, there was a significant
interaction between walking sessions and parti¢igmoups in the backward bending
variable (extension) which, however, yield a snedlect (r = 0.17). Also, there was a
significant main effect indicating significant défiences between walking sessions in the
left axial rotation variable which had a mediumeetfsize (r = 0.37).

Finally, for the total spine segment, Table 5.1%ré was a significant between
subject’'s effect in the flexion/extension and ritgt lateral bending movements
indicating significant ROM differences between m#paint groups. All these differences
illustrated large effect sizes (r = 0.38, r = O r = 0.58, r = 0.55).

5.5BETWEEN WALKING PERIODS MEASUREMENTS
5.5.1Spinal elongation

This section presents the spinal length analysisiguhe supported and control
treadmill walking conditions. At first, the totapisal length of the two groups was
compared for both walking conditions and afterwatitls segmental length (lumbar,
thoracic) was explored in a similar manner. Fordtatistical analysis a mixed repeated
measures ANOVA design was used to examine diffe®nan spinal length among
participant groups, walking conditions and timeisTtiesign consisted of twepeated
measures variableswalking condition (with two levels because each volunteer
participated in both supported and control walkiagditime (with seven levels, as there
were seven subsequent measurements). Also, therebetween-group variabjehe

participant group consisting of patients and healthy individualsh€sb.15).
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Table 5.15Representation of repeated measures and betweep gadables.

Walking Supported Control
Time (min) 05 10 15 20 25 30 0 5 10 15 20 25 30
1
PatientgN=19)
19 19
1 1
Healthy(N=21)
21 21

The null hypothesis (5} in this section was that no differences will &xis the
spinal length between participant groups, walkimgditions and over time or their
interaction:

Ho =CRe.7 =CRg.; =CHg; =CHg.7 =0

Where Cis the mean length, P and H are the patient andhélaéhy participant
groups respectively and S and C represent the sigopand control walking conditions
respectively. Also, numbers 1-7 symbolize the sdgeeals of repeated measures in each
session.

The alternative hypothesis, in a narrative forratest that at least two means either
between or within the groups (time periods) willdierent.

The total variation in this repeated measures desigchematically presented in
Figure 5.11.
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[ Total variation ]

A4 A\ 4

Variation Between Variation within
subjects subjects
(patient-healthy)

\4 \4
Variation between { Variation within J

treatments (Supported- treatments (time)
Control walking)

Figure 5.11Schematic representation of variation in the regmbeneasures design using one within
subject factor.

Descriptive analysis, using Kolmogorov-Smirnov seahd histograms, revealed
normally distributed data which enabled the usparimetric tests. The assumption of
homogeneity of variance was maintained for all détas assumption means that all the
samples used were from populations with equal meesa (Sim & Wright, 2000; Field,
2005). It is particularly important for designs lwibetween-group factors. SPSS
software provides the Levene’s test which examitiexl homogeneity of all samples
used in the analysis. However, the assumption bérsgty was violated for both the
time 2(20) = 35.4p = .02 and its interaction with the walking conaiiti >(20) = 32.3p
= .04. This assumption is of importance in repeatezhsures designs. Sphericity or
circularity refers to the equality of variancestbé differences between measurement
levels in repeated measures ANOVA designs (FieltD52 Therefore degrees of
freedom were corrected using Greenhouse-Geissenagss of sphericity (= .73 for
the main effect of time and = .77 for the interaction between time and walking
condition).

In Figure 5.12 the variation of the total spinaidéh during the supported walking
is illustrated. For both participant groups a desesin spinal length throughout the

walking session it is observed.
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Supported walking

Patients
0.7 - = = .Healthy

length (%)

Time (min)

Figure 5.12Percentage change in total spinal length over tdoreng supported walking (mean + standard
error, patientdN =19, healthy participantd = 21).

The greatest decrease in length is observed dthenfirst five minutes of walking.
This decrease is almost the double in the contgotsip at the fifth minute and
approximates the 1% of the total spinal lengtld & mm).

Similarly, Figure 5.13 presents the variation ofatospinal length during the
control walking condition in both participant greaup

Control Walking

1+ Patients
0.7 - = = .Healthy

length (%)

Time (min)

Figure 5.13Percentage change in total spinal length over doreng control walking (mean + standard
error, patientdN =19, healthy participantd = 21)
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The total spinal length variation over time showedilar trajectory even with the
alternative length calculation method (Appendix.18)the alternative method the total
spinal length was estimated by the absolute distdn®tween the first thoracic (TH1)
and fifth lumbar (LUS) Vicon retroreflective marlseiThe results presented above were
based on the main calculation method which consdlghe spinal curvature and
consists of the sum of the 16 spinal segments hendéefined by the Vicon markers
(Section 4.5.3).

The length variation during the control walking @lsoa similar pattern with the
supported walking. Again here, the shrinkage inntbaithy group is greater than the one
observed in the patients group, but in total is IE5%) than the one observed in the
supported walking condition illustrated in Figurd 3.

The test of between subject effects was not siamti indicating no significant
differences in variation of spinal length betwedBPLpatients and healthy individuals
F(1, 38) = .53,p = .47.

Also, there was no significant main effect of diéfiet walking conditions on the
spinal lengthF(1, 38) = .04p =.83.

Equally, all the interaction effects among timertiggpant groups and walking
conditions were non significant.

However, there was a significant main effectiofe on the spinal lengti (4.4,
166) = 3.9,p = 0.03. Contrasts revealed that the spinal lengdnged significantly on
5" minuteF(1, 38) = 17p = < .01,r = .55, 18" minute of walking=(1, 38) = 11.1p =
< .01,r = .47 and at the 30minute of walkingF(1, 38) = 6.9p = .01,r = .39, as these
compared to the baseline (0 minutes). The effestssof these differencep (ndicate
medium to large effects. Effect size is very impottmeasure because constitutes an
objective measure of the importance of the effEeld, 2005). An effect size of= .50
(large effect) accounts for 25% of the varianceh@&yg 1988).

In the Figure 5.14 it is presented the variationumhbar length of patients and
healthy individuals in both the supported and aanivalking conditions. It has to be
mentioned that the lumbar length change over timis iexpressed as a percentage

change in relation to the total spinal length.
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a)
Supported Walking

0.8 -

0.6 Patients
. 044 - - - .Healthy
S
e
S
c
°

Time
b) Control Walking

0.8 - bat

0.6 4 atients
__04- - = = .Healthy
S
£
o
o
o

Time (min)

Figure 5.14Patient N=19) and healthy participa(il = 21)lumbar length change over time during a)
supported and b) control walking (mean+ standamater

The same mixed ANOVA model described above was aded for the segmental
analysis. The assumptions of normality, homogenediiyd sphericity were again
checked. Levene’s test revealed that the data Wereogenous across all subsets.
Additionally, Kolmogorov-Smirnov tests and histogis indicated that lumbar data
were also normally distributed and thus no trams#dron or correction needed for these
assumptions. The assumption of sphericity was mettle interaction between the
walking condition and time and was violated for thain effect of time %(20) = 37.4p
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= .01. Thus, the Greenhouse-Geisser correction wgasl only for the degrees of
freedom for time variable = .72).

There was no significant effect of participant gromdicating that changes of
lumbar length were in general the same betweencypamt groupsF(1, 38) = .31p =
.58.

Similarly, all the interactions effects among timelking conditions and group of
participants were not statistically significant.

However, there was a significant main effect ofeion the lumbar spinal length,
F(4.3, 165) = 3.5,p = < .01. Planned contrasts revealed that sigmfitanbar length
changes happened at th® minute of walkingF(1, 38) = 10.5p <.01,r = .46, at the
10" minute of walkingF(1, 38) = 5.6p = .02,r = .36 and after the completion of the
walking session at the 80minute F(1, 38) = 7.3,p = .01,r = .40. Interestingly, the
significant changes in lumbar length occurred as¢htimes also observed in the total
spine length analysis. The effects sizes of thba@ges are again medium to large.

Figure 5.15 below illustrates the length variatioihthe thoracic spine during
supported and control walking in both LBP patieatsd healthy people. During
supported walking both participant groups showexilar pattern of length variation.
The maximum difference is observed i inute and is a decrease of about .3%.4
mm) of the total spinal length. In control walkititpse patterns are different. While the
patients showed a slight increase in length, ttadtlne group shows a constant decrease
of approximately .4% of the total length. Howevar, both walking conditions the

standard errors of those measurements are quie. lar
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a) .
Supported Walking
0.8 1 Patients
0.6 7 - - - .Healthy
0.4 -
o
jS)
c
9
Time (min)
b) Control Walking
0.8 Patients
061 Health
0.4 T omorealy
o
jS)
c
9

Time (min)

Figure 5.15Patient N=19) and healthy participa(il = 21)thoracic length change over time during a)
supported and b) control walking (mean+ standamater

For the statistical analysis of the thoracic spiata the ANOVA model described
in the total spine length analysis was used. Daggewormally distributed and the
assumption of homogeneity was met for all varialitesvever, the results of Mauchly’s
sphericity test showed that sphericity was violdigdthe main effect of time?(20) =
52.4,p < .01, as well as the interaction between time watking condition %20) =

36.6,p = .01. Thus, the degrees of freedom were correasaty Greenhouse-Geisser
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estimates of sphericity (= .67 for the main effect of time,= .74 for the interaction
between time and walking condition).

Again here, there was no significant effect of gagticipant group on the spinal
length,F(1, 38) = 2.1p = .15.

Additionally, there was no significant main effedtthe walking condition on the
spinal lengthF(1, 38) = .02p = .89

Differently to total spine and the lumbar spinegémanalysis, no significant main
effect of time on thoracic spinal length was obsedr{#(4, 153) = 2.1,p = .08.

Also, there was no significant effect in all inteians among time, walking

conditions and participant groups.
5.5.2Effects of supported & control treadmill walking pain

The pain values, as these were reported by therpatin visual analogue scales
(VAS), were analysed between and within each waglkaondition. This analysis
contains the VAS values from only sixteen out & thineteen patients. Three patients,
although were complaining for sore backs, reponi@gain during the walking sessions.

All data were plotted in histograms to examine da& distribution. Additionally,
normality tests were conducted in order to furthenfy the normality of the data and
make an informed decision for the statistical asiglyThe majority of data appeared to
be normally distributed, with some being slightlysgive skewed. However, some sub-
datasets (especially from the supported walkingieey were deviating significantly
from normality. For this reason a logarithmic trfmmshation was applied to the whole
dataset.

A repeated measures ANOVA was used to test thervai of the means over
time, between groups and their interaction. Addaity, planned pairwise contrasts
were also conducted. When significant differencesewfound effect sizes)(were
calculated for both main effects and their congiast

The null hypothesis (§) tested in the analysis of pain variance was:

Ho =CS.; =CCpy
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Where

C = mean of each group, SSupported walking condition, C = control walking
condition, and 1-7 = the seven levels of repeatedsures in each walking session
(baseline to 30minutes).

The alternative hypothesis {H in a narrative form, for this design is accepted
when two or more means (within or between groupsyédferent.

Figure 5.16 illustrates the trajectory of pain 088r minutes of walking for both
treadmill walking conditions. Pain is illustrate¢ @ continuous variable only for
purposes of presentation.

9 - - - Contro
g - —— Supported

Pain (VAS)
a1

Time (min)

Figure 5.16LBP Pain status change over time during suppdtedntrol treadmill walking K=16, mean
+ standard error).
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Mauchly’s test indicated that the assumption ofesjality was violated for both the

main effectime %(20) = 113.6p < .01 and itsnteraction with the walking conditions

%(20) = 48.3,p < .01. Sphericity was not an issue for the walkingdition variable
because that was consisting of two levels. In ofdesphericity to be an issue, at least
three conditions are needed (Field, 2005). Theeefie Greenhouse-Geisser correction
was used as an adjustment of this sphericity vanigt = .23 for the main effect of time
and .47 for the interaction). All effects are rdpdras significant gi < .05.

There was not a significant main effect of typenadking on ratings of pairf;(1,
15) = 3.1,p = .098.

Also, there was not a significant main effect ofi¢i on the ratings of paif(1.3,
20.5) = .27p = .68.

However, there was a significant interaction betwdiferent walking conditions
and time,F(2.8, 42) = 5p <.01. This indicates that time had different effen pain
ratings depending on which walking condition wasdislo break down this interaction,
contrasts were performed comparing both walkingditams to their baseline which
was the baseline pain evaluation with the subsdgoees (5, 10, 15, 20, 25, and 30
minute). These contrasts revealed that the twoimglgroups interacted differently in
pain ratings over time, at ®5minuteF(1, 15) = 7.2p = .01,r = .57 and at 3D minute
F(1, 15) =9.4p <.01,r = .62 . These contrasts yield large effects.

5.6 DURING WALKING SESSION MEASUREMENTS

5.6.1Spinal frequency response

In this section the analysis of frequency respasspresented. Low back pain
patient and healthy participant data are presestgmhrately. Each graph presents
contrasts between the supported and control walkgditions in the thoracic and
lumbar spinal segments. Figures 5.17-18 show ampgbeaof each participant’s lumbar
spine length response, during the baseline measutewver 10 seconds of the control
walking treadmill condition. These are the raw signin the time domain which then
examined in the frequency domain to identify pealtgyns and magnitudes during

different walking conditions. The raw data in then¢ domain from both participant
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groups (patients, healthy), walking conditions (coly supported), sampling periods,
(baseline, 30 minutes) and spinal segments (luntbaracic) are presented in Appendix
13.

Figure 5.1Variation in spinal length during control treadmilalking (patients).

Figure 5.19ariation in spinal length during control treadmilalking (healthy).
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LBP patient’s frequency analysis

Figure 5.19 illustrates the frequency responseéheflimbar spine at the baseline
and 3¢' minute of supported and control treadmill walkinghe LBP patient group.
a)

Supported
Control

p<.01

b)
Supported
Control

p<.01 p<.01

Figure 5.19Mean power spectral densities (PSN¥{9, LBP patients) of the lumbar segment at a)
baseline and b) $bminute of supported and control walkinm< .05).

Frequency analysis indicated similar patterns ofdar frequency response in LPB
patients between the baseline and th8 B0nute of walking, with control treadmill
walking to show higher peaks in frequencies betweéhHz. However, those peaks
were not significantly higher than those observedthe supported walking. In
frequencies between 3-6 Hz lumbar spine exhibitatistically higher PSD (power

spectral density) during the supported walkingnBicance values shown in each graph
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refer to the statistical comparison of PSD valuesvbeen different walking conditions.
Thus, these p-values refer to the frequency rarsesvn in each figure and not
specifically to individual peaks.

In a similar way, Figure 5.20 presents the freqyaesponse of the thoracic spine
at the baseline and 8aminute of supported and control treadmill walkingthe LBP

patient group.

a)
Supported
p=.01 Control p=.2
b)
Supported
Control
p<.01 p<.01

Figure 5.20Mean power spectral densities (PSN¥{9, LBP patients) of the thoracic segment at a)
baseline and b) $bminute of supported and control walkinm< .05).

The frequency response of the thoracic segmensinakar to the lumbar segment
in terms of PSD magnitudes and frequency pattétigher PSD magnitudes were again

observed in frequencies between 1-3 Hz.
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Healthy participant’s frequency analysis

For the healthy volunteers group, Figure 5.21 tthtes the frequency response of

the lumbar spine at the baseline and' 3finute of supported and control treadmill

walking.
a)
Supported
Control
p=.04 p<.01
b)
Supported
Control
p=.9 p<.01

Figure 5.21Mean power spectral densities (PSN¥21, Healthy volunteers) of the lumbar segmen) at a
baseline and b) $dminute of during supported and control walkipg<(.05).
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The lumbar frequency response in the healthy peaint group showed higher
PSD magnitudes in frequencies between 1-3Hz. Aewifft PSD pattern observed
between measurement times in frequencies betwe&n Hz. At the baseline
measurement, the supported walking condition etddbhigher peaks, whereas in the
measurement at the BOminute those peaks were higher in the control inglk
condition. This indicates possibly an effect oféim the lumbar frequency response.
Figure 5.22 shows the frequency response of thetfmspine at the baseline and"30

minute of supported and control treadmill walkinghe healthy participants group.

a)
Supported
Control

p<.01 p<.01

b)

Supported
Control

p<.01 p<.01

Figure 5.22Mean power spectral densities (PSN¥21, Healthy volunteers) of the thoracic segment at
a) baseline and b) Bminute of supported and control walking< .05).
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The frequency response of the thoracic segmenteoihéalthy participants showed
again higher PSD values in frequencies betweenH3in both walking conditions.
Supported walking showed no change in peak pattednmagnitude over time.

However, in control walking the peaks observed vwagaificantly reduced at the
30" minute of walking.

In total, the frequency analysis showed a varig®iD Battern among participant
groups and spinal segments, especially in the stggbavalking condition. The control
walking condition showed a more consistent patt#ripeaks at frequencies between
0.5-1 Hz, 1.5-2 Hz and 3-4 Hz.

5.6.2Temporospatial gait parameters

In this section the temporal/spatial gait charasties of the study participants at
the 3¢" minute of walking (for both walking conditions)eapresented. Gait events
identified visually through the synchronised dibitalleo in the Vicon Workstation. The
procedure is described in detail in section 4.5 @ethods chapter. Tables 5.16 and 5.17
illustrate the LBP patients and healthy individdata respectively. Both tables contain
temporospatial characteristics of both legs andbfath treadmill walking conditions.
Tables present descriptive statistics as wellsttedl comparisons.

All data appeared to be normally distributed ans #tlowed the use of parametric
tests. No statistically significant differences hdubetween right and left leg for both
participant groups and walking conditions, reveglinsymmetric gait pattern. For this
reason, Tables 5.16 & 517 present statistical coisgras only between left leg values of
control and supported walking conditions.

From patient data it is evident that the externgdpert provided by the harness
decreased significantly the double support tirpe=(.02) and increased the single
support time g =.01). At the same time the opposite foot off paster decreased
significantly p =.03). These three parameters are interdependdniravoidably affect
each other. Interestingly, no significant differesavere observed in the cadence and

stride length.

177



Results

Table 5.16Temporospatial parameters of LBP patields=(19, means & SD)

Control Supported t-test
Variable - .
Left Right Left Right p<.05*
Cadence (step/min) 99.7 (10.3) 100.1 (10.8) 97.8(12.4) 97.7 (13) .33
Stride time(s) 1.21 (0.13) 1.21(0.13) 1.25(0.16) 1.25(0.16) .23
Step timgs) 0.60 (0.07) 0.6 (0.06) 0.62(0.08) 0.63(0.09) .50
Foot off (% cycle) 62.1 (2.3) 62.1 (2.3) 63.7(4.3) 63.6 (2.7) .08
Opposite foot of{o cycle) 15.1 (2.2) 14.7 (2.5) 13.9(4.2) 13.2(3.6) .03
Opposite foot contagts cycle) 50.2 (2) 49.9 (1.8) 50.4 (2.1) 49.3(1.9) .69
Single support cycle) 32.2 (2.7) 32.8 (2.5) 36.4 (4) 36 (4.5) .01
Double support% cycle) 30 (4.6) 29.4 (4) 275 (7.7) 27.7 (7) .02
Est. Stride lengtkm) 1.1 (0.22) 1.1 (0.22) 1.14(0.25) 1.14(0.24) .22

*Paired Samples t-test (for differences betweetlégfs of different walking conditions)

The majority of the temporospatial parameters ef liealthy participants group
indicated statistically significant differences Wween control and supported walking
conditions. Apart from the single and double suppmrameters, which showed a
similar change to this observed in the LBP patgmoup, healthy individuals seem to
significantly alter their cadence and stride lengththe supported walking condition
(Table 5.17).

Table 5.17Temporospatial parameters of healthy participadts 21, means & SD)

Control Supported t-test
Variable - .
Left | Right Left | Right p<.05*
Cadence (step/min) 98.4 (6.7) 98.3 (6.5) 95.5 (8.4) 95.4 (8.9) .01
Stride time (s) 1.22 (0.08) 1.22 (0.09) 1.27(0.14) 1.27(0.13) .01
Step time (s) 0.61 (0.05) 0.61(0.04) 0.63(0.06) 0.64(0.07) .005
Foot off (% cycle) 65.4 (1.8) 64.7(1.7) 61.8(1.7) 61.4(2.1)  .000
Opposite foot of{% cycle) 15.1 (1.4) 14.8(1.6) 125(1.7) 11.8(2.3) .000
Opposite foot contagts cycle) 50.5 (1.4) 49.9 (1.5) 50.4 (1.4) 49.6 (1.7) .75
Single suppor cycle) 35.5(1.7) 35(1.9) 37.8(1.9) 37.8(1.9) .000
Double supportv cycle) 29.9 (2.7) 20.7(2.7) 239(3.2) 23.6(3.4) .000
Est. Stride length (m) 1.26 (0.15) 1.26 (0.16) 1.3(0.13)  1.3(0.13) .01

*Paired Samples t-tegtor differences between left legs of different kwab conditions)
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These changes indicate that apart from the dedesmele support time, healthy
individuals during the supported walking decreasgdnificantly their stepping
frequency and increased their stride length.

5.6.3Lower body & spine kinematics

The kinematics of the lower body and the spinegresl in this section are from
the last walking interval of every walking sess{@" walking minute). In Table 5.18,
the three major angles of the spinal curvature elé as the rotations of the trunk as a

whole are presented.

Table 5.18Kinematic characteristics of spinal segments of [Bi#ents and healthy volunteers.

Angle (°) LBP patients Healthy
(N=19, C+SD) (N=19, C+SD)
Supported  Control p<.05 Supported Control p<.05

Lumbar sagittal 1.93(0.5) 2.33(0.8) A 2.4 (0.9) 2.8 (1) .15
Lumbar coronal 3.66 (1.2) 4.4(1.6) .16 3.64(1.3) 45(2) .02
Lower thoracic sagittal 1.89 (0.7) 1.9 (1) A 2 (0.7) 2 (0.7) A
Lower thoracic coronal 52(2.1) 3.8(1.7) .02 3.37(1.3) 5.1(2.7) .01
Upper thoracic sagittal 1.3 (0.5) 1(0.4) .07 1.2 (0.4) 1 (0.6) 3
Upper thoracic coronal 2.1 (0.7) 3.3(2) .02 1.72 (0.6) 3.2(1.4) .00
Trunk sagittal plane 4.1 (1.3) 3.8 (1.9) .65 3.96 (1.5) 3.8 (1.3) .9
Trunk coronal plane 6.2 (2.2) 8.7 (3.7) .01 5.5(2.2) 10.9 (3.3) .00
Trunk transverse plane 6 (2.6) 9 (5.3) .02 7.6 (5.4) 105 4.3) .02

In the above table it is evident that for both gre®uhe spinal excursions in the
coronal plane (lateral) are greater than thosereedein the sagittal plane (forward-
backward). Also, it is observed a significant @éase of the excursions, for both groups
and all spinal levels, in the coronal plane during supported walking indicating that
the under arm harness restricts significantly thege of motion in this plane.
Interestingly, the lumbar excursion in the coroplane of the LBP patient group was
not significantly different between walking condits and probably indicating that the

lumbar excursions in this plane were already degea this group.
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Differences in the lower body kinematics were obedrbetween the walking
conditions as well as between groups. The kinematicthe pelvis and knee and hip

joints of all participants are summarized in tahlE0.

Table 5.19Kinematic characteristics of pelvis and lower lindfd BP patients & healthy volunteers.

Angle (°) LBP patients Healthy
(N=19, C+SD) (N=19, C+SD)
Supported  Control p<.05 Supported Control p<.05

Pelvic tilt 3.24 (0.9) 2.77 (0.9) .16 3.13(0.94) 3.28 (1.1) .59
Pelvic obliquity 497 (1.6) 4.78 (1.7) .62 4.42 (1.57) 6.15(2.5) .003
Pelvic axial 5.23(2.1) 7.34(3.5) .055 5.11 (1.7) 7.34(2.7) .006
Knee flexion (right) 56.2 (7.3) 61.5(7.5) .00 59 (5.1) 62.3(6.8) .03
Knee flexion (left) 55.8 (7) 59.7 (7.5) .01 58.7(5.8) 61.8 (6.4) .02
Hip excursion (right) 39.5(5.6) 35(5.5) .02 39.2(4.2) 38(4.6) .53
Hip excursion (left) 40 (5.4) 36.2(5.4) .01 40.4 (3.7) 38.9(4.9) .34

It is worth mentioning that no asymmetries wereepbsd between the right and
left leg kinematics in both participant groups.Jelaxial rotation and obliquity were
significantly reduced during the supported walkingthe healthy participants group.
This effect was not observed in the LBP patienugrand that probably points out that
those movements were already limited in this gromee flexion angles in both legs
were also significantly reduced during supportehdmill walking in both participant
groups. Additionally, the hip excursion angles waesignificantly increased during
supported walking in LBP patients while no effecaswobserved in the healthy

participants group.

5.7KEY POINTS

LBP patients group was on average 10 years oldar the healthy volunteers
group.

No significant effects of supported or control tteall walking were observed in
spinal ROM.

Healthy volunteers exhibited greater ROM’'s than tP patients in the

majority of gross spinal movements and acrossréiffesegments.
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No significant difference was found between the kimg conditions and
participant groups in terms of spinal length change

Spinal height decreased significantly over timéath participant groups.

In both groups, the lumbar spine was mostly respnor the spinal shrinkage
observed.

A significant interaction of pain levels with time&as found in the control
walking condition, indicating a significant increasf pain levels during the
control treadmill walking.

No consistent trends were found, across participgmups and walking
conditions, in the power spectral density magnisudé the lumbar and the
thoracic spine, during the baseline anlf 8inute measurements.

Power spectral densities were significantly highefrequencies between 1-3 Hz
and lower in frequencies between 3-6 Hz.

An indication of the impact of the heel strike dhgriwalking is confirmed by the
consistent trend of power spectral density spikbsewved in frequencies
between 0.6 - 0.7 Hz, which coincide with the stegpfrequency of the
participants.

Double support and single support gait parametees sggnificantly altered
during supported walking.

Lateral and axial spinal rotations are significandlecreased by the harness
during the supported walking whereas forward/backweotations seem to
remain unaffected.

Knee flexion angles are significantly reduced inthb@roups during the
supported walking and hip excursions are signitigancreased only in the LBP
group.

Trunk axial rotation and lateral flexion angles argnificantly reduced by the

harness in supported walking, in both participantgs.
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5.8 SUMMARY

In the results chapter, Chapter 5, the findingsftbe randomized controlled trial
were presented. Descriptive characteristics otHmple population as well as the main
outcome variables were described in detail andgaleith the statistical analysis will
form the basis for a constructive discussion.

In the following chapter, Chapter 6, a comprehemsiiscussion of the results will
be attempted in conjunction to the literature revesented in Chapter 2. Based on the
statistical analysis, a critical interpretatiortloé findings will be performed and possible

implications will be mentioned.
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CHAPTER 6DISCUSSION
6.1INTRODUCTION

The current chapter discusses the results present€Hapter 5 in relation to the
literature presented in Chapter 2. Conclusions lvglreached relating to the importance
of the findings and how these fit in the broadetdiof spine and low back pain related
literature. All findings will be discussed in atazal manner and special attention will be

given to the limitations of this study.

6.2CASE STUDY DISCUSSION

The LBP participant was randomly selected for preg@n to show an individual
set of data before presenting the data from altiggaants. It is recognized that
individual data are not typical or representatifehe whole dataset due to individual
variation.

This patient was 50 years old, which is close ® patient group average, and
from his biometric characteristics was classifiscbaerweight. Moreover, his Oswestry
Disability Index (ODI) score indicates minimal dility. The SF-12 PCS and MCS
scores were significantly below the average scbesdd on U.S. general population
norms), especially the mental component summaryesa®emonstrating a significant
impact of LBP in the functioning for this patient.

No large differences were found in the lumbar raafjyenotion values after each
walking session for all six gross movements (Td&hl). However, there was a large
difference ( 20°) in the lumbar flexion between the two testitays. This difference is
well reflected in the data and can be explainehftioe reported pain levels (Figure 5.4).
It can be clearly seen that at the day of experiademalking, when lumbar ROM in
forward flexion appears to be significantly reducdtle patient pain levels are
significantly higher than the day of the controllkitag at baseline. This can possibly
support an association between pain levels anddufROM particularly in movements
which exhibit greater trajectories. This confirmeeypous findings suggesting that

lumbar forward flexion is significantly affected lyBP (Marras & Wongsam, 1986;
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Mcgregoret al, 1995). This difference is quite large and thusncd be solely attributed
to differences in starting position or performametween spinal ROM measures which
have been found to be sources of error (Chapter 3).

In contrast to the lumbar ROM, thoracic ROM showahificant variation within
experimental and control walking days. Additionalthe ROM of the cervical spine
segment showed significant variation in ROM botkhwi and between the two walking
conditions. Range of Motion from the thoracic amavecal segments exhibited greater
trajectories than the lumbar segment. It is assuthatithe measurements from those
segments are highly dependant on individual perdmice and difficult to measure
accurately and consistently. A small deviationndividual performance (i.e. failure to
reach the “end of range of motion” consistentlyh casult in more than 10° difference
between repeated measures. In addition, regarti@dROM measures in the sagittal
plane, an inconsistent starting position couldmadditional source of error.

Regarding the reported pain levels of this patig@ie was a significant difference
at baseline between the two sessions. The expeaimegalking had a significant effect
on pain levels as these were decreased by appr@tynk0% in the VAS at the 30
minute of walking, whereas pain levels during cohtwalking remained unchanged.
However, during the control walking condition, thaseline pain levels were very low
(< 10% in VAS) and this may be a critical factorigfhdifferentiated significantly the
walking conditions. However, it is considered impot that the pain status did not
increase during the experimental walking (Figu®.5.

Spinal length also showed a significant interactiarth time. During the
experimental walking the total spinal length waadgrally increased throughout the
session with a total increase of approximately 1df%otal length at the 30minute
(Figure 5.4). However, during the control walkingndition the total spinal length
decreased with a value of approximately 0.5% atstheninute of walking, which was
regained by the end of the session. The data sfghtient showed similar trends to
those reported by Polloek al. (2008).

Frequency analysis revealed different power spledeasities (PSD) between

experimental and control walking conditions. Thisswhe case for both the thoracic and
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lumbar segments as well as in lower (1-3Hz) andhérigrequency domains (3-6Hz).

Specifically, in lumbar spine, peaks were obsemtearound 1Hz and were significantly
higher in the control walking condition than thepexmental one. This is probably due
to the decreased heel strike impact as a restitteobody weight unloading system. No
large differences were observed over time in thesuements indicating a similar
response of the underlying tissues over time. Pebkgrved in the thoracic segment
were generally less powerful than those observddmbar segment demonstrating that
the shock created by the heel strike is mostly ddegbby the lumbar spine and thus it is
transmitted less powerfully to the thoracic segmétdgaks observed in the thoracic
segment were more powerful in the experimental wwglicondition in frequencies

between 1-3Hz than those of the control walkingwkleer, this was reversed in higher

frequencies (between 3-6Hz), where control wall@rigibit greater PSD.

6.3 PARTICIPANT CHARACTERISTICS

An effort was made to achieve equally sized andicsenmtly powered groups of
LBP patient and Healthy participant. Thus, a tatfll9 LBP patients and 21 healthy
participants were recruited (Table 5.8).

The patient mean pain duration was 14.5 (+ 8.2)kwesith a large standard
deviation which was clearly below the lower paination limit of 12 weeks set in the
recruitment inclusion criteria. Pain data were notmally distributed. Ten patients
(52.6%) had experienced at least one episode oblmk pain in the past. Initially, both
pain duration and history of LBP were two critandially set with strict limits in order
to recruit a homogenous sample. The vast majority BP patients attending the
primary care NHS sites, where recruitment was ua#len, were either patients with
chronic LBP, aged (> 65) or had multiple other tleadsues. This compromised the
feasibility of the study and therefore we adopteth@e pragmatic approach with less
strict criteria. Thus, the upper age limit was &e65 years (instead of 50) and the LBP
chronicity could range between acute to chronic WwiB®ead of recruiting only patients
with sub-acute LBP. It is recognised that this iBnatation of this study which can
significantly affect the results and their intetpten.
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A further implication of this change was it undenel the attempt to match the
LBP patients and the healthy participants in teohsage. There was a statistically
significant p <.01) mean difference of ten years between the gvoups, with the
patient group being older (Patients = 47.2, Heakthy7.6 years). Comparing the
biometric characteristics, patients had signifibagreater p = .03) mean Body Mass
Index (BMI) than the healthy participants. The meatient BMI was 26.7 whereas for
the healthy group was 24.3. BMI value ranges fr@ 1o 24.9 are considered normal
while BMI values range from 25 to 29.9 are categgias overweight. It is well known
that BMI calculation is based only on participaetdiht and weight without considering
other biometric measurements. It is a crude categfayn system which cannot predict
health and commonly used to assess the degreeviatida from what is considered
normal for a particular height. No statistical sfigant difference was found in the mean
body weight of the two group® = .4) and the self selected walking spepd=(.09).
Therefore the patient group was on average tensyalder and overweight than the
healthy group.

Regarding the disability status the patients wessessed with the Oswestry
Disability Index (OD{2) and the SF-12 (Appendices 9-10). ODI is a scale which
consists of ten sections focused on physical d@ietsvilt has been suggested that the ODI
when used for repeated measures performs bettgraients with more serious
disabilities (Fairbank & Pynsent, 2000; Roland &rBank, 2000). This is an issue for
the sensitivity of this scale to detect significdifferences over time. However, this was
not a problem for this study since both ODI and 12Fscales were used only for
baseline cross-sectional measurements. The scbtamed by the ODI indicated that
the vast majority of this patient sample had minitnanoderate disability (Figure 5.9).

On the other hand patients were also assessedwitBF-122 scale which is a
generic health-related quality of life measure sidgale is a shortened version of the 36-
item survey (SF-36) and it is summarised by twossales, the physical component
summary (PCS) and the mental component summary JM&FS12 scoring system uses
specific algorithms determined from 1998 U.S. geh@opulation norms. The mean
PCS score (40.1%, Cl = =+ 7.9) of all patients veagelr that the MCS score (48.7%, ClI
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=+ 5) with 14 out of 19 patients to report high®€S scores (Figure 5.10). It is worth
mentioning that higher scores in both componendgate better functioning. This is a
valuable finding because it is known that LBP imaltidimensional problem in where
psychological and mental issues are of great imapod. The higher scores in the MCS
it is probably an indicator that the aetiology dR. in this group was mainly due to
organic rather than psychological dysfunction. géther, both mean MCS and PCS
scores of the SF-12 were below the normal. Howesrece the 95% confidence interval
of the MCS mean (x 5) crosses the normal score,dgfoup can characterised as not
significantly different from normal in terms of ntah health but significantly below
normal in terms of physical health (Cl = =+ 7.9)eTIRCS and MCS scores were related
to the ODI score and revealed a significant coti@ta(p < .01,r = -.6) with PCS and
not significant correlation with the MCS. This indtes an agreement of the two scales
which is further confirming the impact of LBP inetlphysical health of those patients.
Pain is an important variable which affects siguaifitly the reported disability and
quality of life scores. This is evident from theotwut of three patients who had no pain
and reported amongst the lowest disability scores laghest quality of life status
scores. Due to the limited number of patients ne sgecific analysis of the SF-12
scores was conducted.

Even though the two groups were slightly differsiges, this did not have a
significant effect on the between groups variapiind thus direct comparisons were
allowed. However, the fact that the study faileddoruit the estimated (by the sample
size calculation) participant numbers in both g®(p =28), may have an effect on the
power of the study. An underpowered study it isnpréo Type Il error, which is the
inability to detect significant changes when thesest and thus unable to reject a false
null hypothesis. Although the probability of a Typeerror is controlled by the
researcher, with the decision of an acceptable (isk 0.05) to reject a true null
hypothesis (‘false positive’ result), the probalilbf committing a Type Il error (finding
a ‘false negative result’) is controlled by the gdersize (Sim & Wright, 2000).
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6.4ROM ANALYSIS DISCUSSION

To the author's knowledge, the current study is ftte¢ which has attempted to
measure spinal ROM across different spinal segmertie in vivo studies in the
literature have been measured the ROM of only timebhr segment (Burton, 1986;
Pearcy & Hindle, 1989; Hindlet al, 1990; Fitzgeralcet al, 1991; Vachalathitet al,
1995; Van Herpet al, 2000; Trokeet al, 2001). The measurement tool used in this
study was the Polhemus Liberty (electromagneticianotapture system) which was
suggested to be valid and reliable for this typenefisurements and especially for the
lumbar ROM (Kaliarntagt al, 2009). Extended reference to this system has ineeie
in Chapter 3.

The findings of this study suggest that the ROMhe LBP patients group was
significantly lower than the healthy participantogp (Tables 5.9-5.11, Tables 5.12-
5.13). This fact was true for the majority of th®@gs movements and spinal segments.
This can be partially explained by the fact tha LBP patients group was on average
about ten years older than the healthy particigaoup. Earlier studies have been
reported a clear trend that the spinal range ofana$ decreasing with age (Van Hesp
al., 2000; Trokeet al, 2005; Bibleet al, 2008; Intoloet al, 2009). Additionally, it has
also been reported that a strong predictor foduh#ar range of motion was the BMI
index (Bibleet al, 2008), which again was significantly higher ie ttBP patient group
(Table 5.8). However, these differences cannot théuated only to the age or BMI
since other studies have also reported decreasdgzhiuUROM in LBP patients (Pearey
al., 1985; Mcgregoret al, 1995) and the size of the differences are graatan the
predicted effects of age and obesity.

Data from this study (Table 5.9) indicate that lttrebar segment of healthy adults
exhibits approximately: 53° of flexion, 14° of emtgon, 19° of right and left lateral
bending respectively, 7° of axial rotation to tight and 8° of axial rotation to the left.
These values were in close agreement with thosetegpby the radiographic study of
Pearcyet al. (1985). However, these values are on average WerJoacross all

movements, than the weighted values obtained lptrefeagnetic motion systems and
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presented in Table 2.4 (Hindé al, 1990; Russett al, 1993; Van Herget al, 2000).
The greatest discrepancy of about 15° was wittHihelle et al. (1990) and Russel et al.

(1993) studies and was observed in the forwarddiemovement.

Regarding the LBP patient ROM values for the lundgaine, the forward flexion
and the right/left bending movements where statiflii significantly lower than the
healthy participants group. The highest mean diffee was observed in the forward
flexion and was approximately 13° lower in the LBRtient group. However, axial
rotations and the backward extension were not fsognitly decreased in the LBP patient
group and this probably indicates that the movemaritich exhibit greater ROM are
affected more in patients with LBP. This notiompatially supported by earlier studies
reporting significantly decreased forward flexiadues but unaffected side bending and
axial rotations (Marras & Wongsam, 1986; Mcgregbal, 1995). A possible assertion
could be that movements with higher ROM can propabtrease significantly the
moments created in the lumbar spine. This can iin tncrease the pressure on the
surrounding structures with the end result the estation of pain. Thus, a subconscious
mechanism may be activated which inhibits greapémas trajectories as a protective
response.

In relation to the effectiveness of the supportedadmill walking as a
rehabilitation technique for LBP data shows that #xperimental treadmill walking
cannot significantly alter the lumbar ROM in patewith LBP over one session. Thus,
this form of exercise may either be ineffective ifmproving the mobility of the lower
back or it requires more than one session in omlgroduce any effect. However, a
design with subsequent training sessions was nttdarscope of this study. No direct
comparisons, for the effect of supported treadmvdllking on lumbar ROM, can be
made with other studies since, to the author’'s kedge, no other study has examined
this parameter before. Two previous studies founthe literature and used a variation
of this training technique for patients with LBPddinot report spinal ROM
measurements (Joftt al, 2002; Puaet al, 2007).

Apart from the effects of experimental and contreadmill walking in the lumbar

ROM, Table 5.9 indicates a close agreement of Ipaliserepeated measures within a
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session or between different sessions. This findinther verifies the validity and
reliability of Polhemus measures, reported in Cha@, and thus its use for the
measurement of the lumbar range of motion it ithfursupported.

Similarly, the trunk ROM values in the majority thife gross movements (Table
5.10), were again higher in the healthy participagitoup than those observed in the
LBP patients group. However, only the forward ftaxiand the lateral bending to the
right were statistically different. Some statisligasignificant differences were also
observed within the groups (Table 5.13), but thaynot be characterised as clinically
significant since they are not large and also pceduismall to medium effect sizes. They
do however give further evidence of the accuracytled measures themselves.
Interestingly, the values observed in the forwdedion of the trunk segment were only
about 10° higher that those observed in the lusbgment, in both participant groups.
This indicates that the lumbar segment is mostpaasible for the forward flexion
because the orientation of lumbar facet jointslmsoat perpendicular to the transverse
plane allowing greater mobility in the sagittal pda(White & Panjabi, 1990). It is worth
mentioning that this is the first study reportiigele dimensional in vivo trunk ROM
(with respect to the pelvis) and the mean valuesented in Table 5.10 can possible
form a normative database. However, it should begeised that those values are from
a relatively small group of individuals with a widgge range. Studies with more
participants across different age categories carpdmsible provide more detailed
information regarding the trunk movement of healtlepple and low back pain patients.

Similar to the lumbar and trunk segments, the tepate of the LBP patient group
exhibited significantly lower ROM values (Table &)1than the healthy participant
group. However, it should be noted that the forwigedion values of both groups are a
poor approximation of the true total spine forwéekion. This is due to the fact that
although the whole trunk flexes forwards during thewvard flexion, the head moves
backwards as automatic response for balance maacki However, the backward
extension and the lateral bending measurements nekable and indicate significantly
higher rotations than the lower segments in botigg@ant groups. It should also be

reminded that total spine axial rotation values @oé& shown in Table 5.11 because
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Polhemus measurements were restricted up to 801t dhis axis, due to gimbal lock
effects, and the majority of the participants hatligs in excess of the 80° limit.

In total, the main outcome of this section is thBP patients have significantly
lower spinal ROM in most of the gross movements acrss different segments and
also that a single session of 40% of body weighpetted treadmill walking is unlikely
to improve the spinal mobility of people with LBR & clinical meaningful way. It
seems that movements which exhibit greater ROMh g the forward flexion, are

affected more in absolute terms from the LBP thwsé with lower ROM.

6.5 SPINAL LENGTH ANALYSIS DISCUSSION

The spinal length was one of the main variables\sas considered as the most
critical outcome variable in this study. For theason the sample size calculation was
based on that variable.

One of the main findings is that no statisticaligngficant difference observed in
the spinal length variation between low back pailBF) patients and healthy
individuals. This was the case for the total spaahlysis(F(1, 38) = .53p = .47) as
well as for the segmental analysis which lookedassply at the lumbaiF(1, 38) = .31,

p = .58) and the thoracid=(1, 38) = 2.1,p = .15) segments. Although statistically
insignificant, Figures 5.12 and 5.13 illustratetthaalthy individuals lost almost double
the spinal length lost by LBP patients, in bothkirad conditions. Similar patterns were
also found with the alternative spinal length cklton method (based on the absolute
difference between®ithoracic and 8 lumbar markers) which did not take into account
the spinal curvature (Appendix 12, Figures 2 & B)is is an indication that the LBP
patient spines were already compressed and thukssdoom for further stature loses.
This may be due to the increased paraspinal mastigty which has been reported to
exist in chronic LBP patients (Healey al, 2005). Similarly, no significant main effects
were found between walking conditions in both tegmental and total spinal analysis.
This was indicative that the control and experirabriteadmill walking conditions

caused similar decreases on the participants’ kigingths.
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Another important finding is that the spinal lengtacreased significantly over
time in both walking conditions. Interestingly, thenbar segment mostly accounted for
the significant length decrease observed in thal sgginal length. This assumption is
based on the fact that the lumbar segment intetaitmificantly with time (4.3, 165)
= 3.5, p = <.01) whereas the thoracic segment did R¢t,(153) = 2.1,p = .08). This
further supports the assumption mentioned abovardety the effects of the increased
paraspinal muscle activity. It has been suggestatithe compressive loads exerted by
the psoas muscles on the lumbar spine during siagileities can be equal to 100 Kg
(Bogduk, 2005). Thus, continuous activation of thamuscles can have massive
compressive effects on the intervertebral disc® ifikignificant time effect in thoracic
spine is due to the large standard errors obseirvatie thoracic segment analysis.
Differently to the current study, Polloek al. (2008) who also used 40% of body weight
unloading, delivered with an underarm harness aimd the current study, reported a
significant interaction between time and walkingidiion. Particularly for the lumbar
spine they reported an increase of approximatelya2%e 6 minute of the supported
walking condition. However, during the 8@ninute of the supported walking condition
the lumbar spine showed a decrease similar to tieeotserved in the current study.
This is an important finding which probably indieatthat in order to produce a
significant elongation effect in the lumbar spiaedecompression of more than a half
hour may be needed.

The significant spinal length increase observethenPollocket al. (2008) study
may be due to the differences in participant grodjey used a small sample of eight
young (22 + 3.9 years) asymptomatic participantereas in the current study the
participants were far older and particularly théigrds group was on average ten years
older than the healthy group (patients 47+9, hgadth7+7.8 years). This can itself be a
factor of height variability between the groups dese their spinal biomechanical
properties can vary considerably. In Polloek al. (2008) it is assumed that the
participant’s intervertebral discs were healthy agdrated and it is highly unlikely their
spines had any degeneration effects.
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In addition, the fact that in the current study fa¢ient group was quite small (n =
19) and more diverse, in terms of age and presehqgaain, may account for the
difference in the results. It has been suggested LBP patients with different
characteristics (age and pain chronicity) showedét trajectories in spinal height loss
and recovery and therefore should not be combingla analysis (Kanlayanaphotporn
et al, 2003). Thus, a categorization and analysis akpatiata according to different
age groups and pain levels would be more appreptitdawever, the power of this study
did not allow further subgroup analysis and thisstitutes a limitation of the current
study.

In total, this study suggests that half an houd@¥ of body weight supported
treadmill walking does not increase the spinal tengf either healthy middle-aged
adults or patients with low back pain. In additimeadmill walking (both supported and
control) causes significant spinal shrinkage whighmore prominent in the lumbar

segment and in the control treadmill walking coioait

6.6 PAIN ANALYSIS DISCUSSION

Pain was also one of the main outcome variablethis study and the target
variable for most therapeutic interventions. Inufeg5.16 it is evident that mean pain
scores interacted differently with time in each ki condition. This was further
verified by the statistical analysis where a statdly significant interaction between
walking condition and time was founB(@.8, 42) = 5p <.01). Further analysis revealed
that this interaction was statistically significgfot the 28" and 38' minute of control
walking. This interaction was corresponded to anmgain increase of approximately
one VAS point at 30 minute of control walking and such change has seggested to
be clinical meaningful in mild low back pain (mikl1 - 4 VAS score) (Turneet al,
2004). No significant main effects were found fbwe twalking condition and time
variables suggesting that no significant differeneristed in these variables.

Few studies have investigated the effects of sup@arvalking on low back pain.
To the authors knowledge there is one study inlitegture investigated this issue on
LBP patients (Joffeet al, 2002), two other studies on patients with lumbpinal
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stenosis (Fritzt al, 1997; Pueet al, 2007) and a recent case study investigated this
concept on a patient with lumbar disc herniatioro@ké et al, 2010). These studies
have used different techniques and percentageody lwveight support. Joffet al.
(2002) was the only study which has examined thexesf of supported walking on acute
and subacute LBP patients. However, this was cosabimth an exercise program, did
not have a control group and used only six pasditip. Thus, although improvements in
pain levels were reported, no assumptions aboutetfectiveness of body weight
supported treadmill walking can be made. It has\lbeported that the majority of LBP
patients recover in the first four weeks after or{€oft et al, 1998). Hence, without
control data it is difficult to say if these aregrmovements or if the intervention was
harmful and delayed recovery. Pua et al. (20079 aseunloading of up to 40% of body
weight for six weeks and they did not report sigaifiit improvement in patient pain
levels. However, no firm conclusions can be drawamf this study since the supported
walking was used as an adjunct to a general retaigh program. Similarly, in the
case study of Fritet al. (1997), although there was a significant reductibpain levels

in both patients after a six week program involveuypported treadmill walking and
physical therapy, again no firm conclusions cardi@vn. In the last study mentioned
(Moore et al., 2010), despite of the fact that it was a desaiptof an acute disc
herniation case, the authors did not reported aiaytfiable pain outcomes.

The current study is the first study with a randoedi controlled design to
investigate the effects of supported treadmill wadkon pain levels of LBP patients.
The findings of this study showed that patient dawels increased significantly with
time in the control walking condition, with maximuncrease at the end of the half hour
session. Also, the size of the effect observed hea tontrol walking was large.
Conversely, in experimental walking condition (sagpd) no significant pain increase
was observed. This is a very important result whaapports the use of body weight
supported treadmill walking as a method of exerésdow back patients, without the
fear of exacerbating the existing pain. A studyhwibllow up sessions is needed to
investigate if there is a therapeutic or long fastipain relief effect. In general,

decompression of the spine achieved via converitgpiaal traction has been reported
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to have no significant effects in the treatmentLBP (Macario & Pergolizzi, 2006;
Clarkeet al, 2007; Schimmeet al, 2009). Thus, the usefulness of supported walking
may be limited to prevention of further pain exdegion rather that for treating the

condition.

6.7 SPINAL VIBRATION RESPONSE DISCUSSION

Following Newton’s third law of motion, during wailg the ground exerts an
equal and opposite force to the one applied byd®t. This force is transmitted through
the heel to the body and attenuated along its pgatbugh different structures (i.e.
intervertebral disc) of the musculoskeletal sys{@iosk & Voloshin, 1985). Due to the
fact that walking is a dynamic periodic activityhyogk waves created by the heel strike
have characteristic frequencies and different ntades. It has been found that
conventional treadmill walking has a similar kimepirofile with overground walking,
although small decreases in the ground reactiae$ocan be observed during treadmill
walking (Rileyet al, 2007). No study has investigated the effect fiédent percentages
of body weight support treadmill walking on the gnd reaction force profile. However,
it is speculated that ground reaction forces welluce in proportion with the body
weight percentage unloaded.

In this study the length change of the spine duvirdking was analyzed in the
frequency domain. This analysis intended to idgnéihy potential spinal frequency
response differences between the supported andotaradmill walking. It has been
suggested that the shock waves generated duringetestrike, and transmitted up to
the whole musculoskeletal system, can be a causeBB aggravation (Voloshin &
Wosk, 1982; Wosk & Voloshin, 1985).

The exposure in repetitive impulsive loading hasrbassociated by many authors
with fatigue damage of viscoelastic structureshsag intervertebral discs, resulting in
degeneration and pain (Panjadti al, 1986). There is a consensus in the literature
regarding which frequencies are considered harrtfolas been shown that frequencies
in the 4 — 6Hz range exhibit greater transmissib{Wilder et al, 1982) in the human
musculoskeletal system and thus should be avoidadjdébiet al, 1986; Popeet al,
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1998). These frequencies are commonly createddwstrial machinery and the chronic
exposure to them has been associated with thereooer of low back pain (Bovenzi &
Hulshof, 1999). In these conditions, apart from tiseal sitting position adopted by the
users, the multiaxial nature of the vibration expesmay be the critical factor for the
development of LBP and not the frequency itselfother important factor may be the
increased dissipated energy and suppression ireqgigtan synthesis in the nucleus
pulposus, under vibration loading, which can leadisruption of matrix integrity under
chronic exposure (Ishihart al, 1992). It has been also shown that after exposure
whole body vibration, the muscles are fatigued #radiscs compressed (Pogeal,
1998). Disc compression can be further exaggernatdtie sitting position since it is
known that the intradiscal pressure is increasdtanposition (Nachemson & Elfstrom,
1970; Nachemson, 1975; Nachemson, 1976).

In the current study the frequency response os#gmental spinal length change
during walking was examined for both walking coiadis and participant groups. The
main finding was that predominant peaks were oleseiv frequencies between 0.5 — 1
Hz, 1.5 — 2 Hz and also between 3 — 4 Hz. Simikeguiency patterns were observed in a
previous study (Polloclet al., 2008), although this study reported consistenigjhér
peaks in favour of the control walking condition. the current study a more variant
response was observed among walking conditionsicipant groups and measurement
times. A common trend was observed in both paditigroups, indicating predominant
higher peaks in frequencies between 0.5 — 1 Hnduhe control walking condition (for
both spinal segments), with the exception of thmbar segment of healthy participants
(Figure 5.19). This is associated with the meappstg frequency during gait which
was found to be between 0.6-0.64 Hz for both pasdm groups (Tables 5.16 — 5.17).
This finding indicates that heel strike has a dgigant impact in the spine especially
during the control walking condition. This impaencbe considerably increased in more
strenuous activities such as running. Also, no isteist differences were observed
between participant groups in the magnitude ofpibeks and this contradicts a previous
study suggesting that low back pain patients hamedsed shock attenuation capacity

(Voloshin & Wosk, 1982). Moreover, no consistentlange differences existed in the
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peak magnitudes over time and between differenhaspsegments (for 0.5-1Hz
frequencies which are associated with the hediedtrindicating that shock magnitude
does not significantly attenuate over time or alatgytrajectory through different
segments.

Consistent peaks were also found in ranges betdvéen 2 Hz probably indicating
a delayed response of tissues to heel strike. fiicpkar, for the lumbar segment of the
LBP patients these frequencies were lower durirggekperimental walking than the
control walking condition (Figure 5.17). Similarlin the healthy participant’s lumbar
segment, these peaks were either equal to theotevatking condition or lower (Figure
5.19). This again indicates that the experimentebhdmill walking reduced the
magnitude of the lumbar peaks observed in thesgiérecies.

In both participant groups and walking conditiospjnal resonant frequencies
which were associated with the stepping frequenggind gait (0.5-2 Hz) showed
significantly higher magnitudes than higher reseérfeequencies (3-6 Hz) which have
been suggested to be associated with LBP develdpidewever, frequencies between
3-6 Hz are not of particular interest in this stuolycause it is unlikely for normal
walking to produce such significant magnitudes Wwhtould lead into the development
or exaggeration of LBP. These frequencies couldabesk factor when created by
commercial machinery in where the frequency mageisuand the exposure duration, as
well as the posture adopted during exposure, avbapty the critical factors for the
development of LBP.

Frequencies created by normal walking are notyikel cause disc degeneration
and low back pain development. However, since toels created by heel strike during
gait has been characterized as aggravator of exi&tBP, possible benefits from its
reduction may arise. Thus, the findings of thidgtindicate that experimental walking
(supported) can attenuate the shock created biigbkestrike during walking and thus
can possibly be a preventive factor for pain exaatgons. However, due to the fact that
the dynamic spinal measures were based on surftce-reflective markers, it is
recognized that a degree of error due to soft d¢issdifact (STA) during dynamic

measurements has been unavoidably introduced.eltitdrature two main sources of
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error have identified in measurements utilizingnsknounted markers. The first is
anatomic landmark misplacement and the seconddfihéissue artifact (Della Crocet

al., 2005; Leardiniet al, 2005). In this study the first has been addresa#ddthe best
possible approach by standardizing the method agkenglacement, although certain
objectivity exists with possibilities of error. ltas been also reported that STA has a
frequency content similar to that of the underlyrame movement, it is not reproducible
among participants and it is task dependent (Laagadial, 2005). Due to the similarity
in the frequency content with the actual bone may@mit is difficult to distinguish
STA by means of any filtering technique (Leardaial, 2005). However, it is expected
that the frequencies of interest in this study ([#Z) cannot be masked to a great extend
by STA and also filtering techniques are mostlyaaned about frequencies well above
this range. In addition, STA is of more importanoemeasurements used in inverse
dynamics, where soft tissue artifact can affectcddeulations. Periodic spine change in
length (shown in appendix 13) is indicative of mati phenomena, whereas
measurement error is associated with random né&iskko€k et al, 2008). Therefore, if
STA was a major contributing factor in the spinaguency response we would not see
any difference in the frequency spectra betweepatpd and control walking. On the
other hand, it is unknown of how much the skin tetag was altered during the
supported walking and if this contributed in thdéfedent frequency response found
between the walking conditions. Thus, with the rodthised, we can not be completely
sure what the true frequency response of the spwmlamn was and if the mechanical
stresses created during walking are truly attemudie the experimental condition.

However it seems likely and plausible.

6.8GAIT CHARACTERISTICS AND SPINAL KINEMATICS
DISCUSSION

In this section, the results from the gait analysig the spinal kinematics of the
study participants will be discussed. For the paegoof this analysis, data from the
ultimate walking interval were chosen because theye considered more consistent

and relevant. This decision was based on literatabemmmendations regarding the
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optimal familiarization time required for reliabldnematic measurements, although
there was no evidence referring specifically to LB&ients. Considering that the
optimal familiarization time for older unimpairedwts was suggested to be 14 minutes
(Wasset al, 2005), we decided to use the measurements obitaiteveen the 25 30"
minute in order to maximize the familiarization &rof all participants.

Regarding the temporospatial and kinematic diffeesnbetween treadmill and
overground walking, the majority of the studiestime literature reported small and
insignificant differences (Murragt al, 1985; Nymarket al, 2005; Rileyet al, 2007
Parvatanenet al, 2009). The most common difference reported byréisearchers was
shorter double support time and higher cadencasgitive treadmill walking.

In the present study, the majority of the tempoatigp parameters (cadence, stride
time, step time, foot off, opposite foot contacttimated stride length) in the LPB
patient group were not altered significantly duritige supported treadmill walking
(Table 5.16). However, the double support was Bamtly shorter (p = .02) and the
single support significantly longer (p = .01) dgyithe experimental walking. The same
effect in the double/single support gait parameteas also observed in the healthy
participant group, with the exception that the fghe temporospatial parameters were
also significantly changed in this group (Table7).1This effect in the gait support
times may be a direct result of the 40% upwardoand the harness which was
restricting the body motion along the progression.lAlso, it may be an indirect effect
caused by the neuro-musculoskeletal system adamgatiue to the decreased demand
for balance maintenance. These results agree witkadier study which also reported
decreased double support and increased single guppes during supported treadmill
walking (Finchet al, 1991). The muscle activation patterns can chalgeg the body
weight supported treadmill walking. It has beennfduhat the combination of different
levels of body weight support and stride frequencadfect differently the muscle
coordination patterns (Klarnaat al, 2010). In higher body weight support conditions
(>40%) the electromyographic muscle intensitiesengignificantly decreased and in
order to be increased a higher stride intensity regsired (Klarneet al, 2010). It has

also been reported that, during supported walkmgscles required for the weight
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acceptance and push-off showed decreased activati@neas those activated in the
swing phase had increased activity (Fietkal, 1991).

Some changes were also observed in the kinemdtiteeelvis and the lower
limbs (Table 5.19). It was interesting to see thBP patients altered significantly the
kinematics of the hip and knee joints as a comgengsanechanism for the altered
walking environment (experimental walking), whileetr pelvis kinematics remained
unchanged. The decrease in hip and knee anglesls@seported by others and was
attributed to the restriction of the movement ie trertical direction from the harness
(Finch et al, 1991). In contrast, the asymptomatic participatgsreased significantly
their pelvic movements during the experimental wajksuggesting a different response
to the altered walking environment. Possibly peistion was also already decreased
in the LBP patients group, probably due to movemahtbition created by muscle
guarding, as protective mechanism for pain exaggasx This inhibition may have
been further increased by the use of treadmillgesitieadmill walking constitutes an
unfamiliar experience for many people (Wassl, 2005). The decrease in knee flexion
during experimental walking is an indicative foettlecreased vertical movement of the
centre of mass. It was previously theorized thatdcrease of centre of mass vertical
amplitude it is an inherent determinant of gaitrtaximize efficiency (Saundeet al,
1953). Although this assumption has been heaviticized over the last years, in this
study the decrease of body motion in vertical dioecit is also indicates a reduction of
heel strike impact during walking. This further Goms the findings from the frequency
analysis.

Regarding the spinal motion both groups exhibitediar movement patterns in
the majority of the spinal segments measured (Taldl8). Due to the methods utilized
to measure segmental spinal motion during treadwalking, it was only possible to
obtain segmental angles about the coronal (sidéfi¢ and sagittal (flexion-extension)
planes. Thus, in both groups, the segmental moviesmerthe coronal plane decreased
significantly during the experimental walking sessi while the sagittal segmental
angles remained unchanged. The only exceptionleakBP patients’ lumbar excursion

in the coronal plane which did not yield a statillly significant difference between the
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two walking conditions, indicating again decreakedbar mobility due to a protective
muscle guarding. It has been suggested that LB&eckefear decreases significantly the
peak angular velocity and acceleration of the sgiff@maset al, 2008). The lumbar
angular amplitudes found in the present study aggreement with those reported by a
study which measured lumbar motion, with an elentignetic motion capture system,
in mild LBP patients during overground walking (Re& White, 1996). The overall
impression from the spinal kinematic analysis dyrimalking is that the under-arm
harness although allows normal spinal movementshen sagittal plane it reduces
significantly the motion in the coronal plane. lhshbeen suggested that the spine
acceleration decreases significantly in all threesaduring supported treadmill walking
(Aaslund & Moe-Nilssen, 2008). Also, the sagittalgkes of movement of the whole
trunk ( 4°) were similar for both groups and walking cdiwtis and are in close
agreement with those reported by other studiesz(yskaet al, 1999). However, the
side (coronal) and axial (transverse) trunk examsiare the ones which showed the
larger values and also those which decreased isignily during the supported treadmill
walking in both participant groups. It is expectib@t different harnesses would not
exhibit any differences in the motion reductiorthe vertical direction, given that equal
body weight unloading is provided. However, undenand conventional harnesses
would probably affect differently the kinematicsp#lvis and spine.

The spinal angles of LBP patients and healthy @peits during walking did not
exhibited large differences across different spsegments or the trunk as a whole.
Small differences can be attributed to the tens/éam average) age difference between
the two groups. It is well known that spinal flekity reduces with age (Intolet al,
2009). In addition, the findings of this study sapphe use of the methods, described in
Section 4.5.4, for the estimation of the segmespahal motion during walking. This
assumption is based on the fact that similar value® reported by studies employed
similar methods (Syczewslka al, 1999) or others using electromagnetic motionuapt
systems (Rowe & White, 1996). Also, although sonféemnces were documented
between the two walking conditions in the kinematof the spine, pelvis and lower

limbs, as well as in the temporospatial gait patanse no gait asymmetries or other
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kinematic malfunctions were observed. From thispee§ the harness supported

treadmill walking can be used for gait rehabilatior other purposes.

6.9 PROJECT LIMITATIONS

Although during the design of this study all thesgible measures to reduce the
systematic and random errors were taken, a nunfoiactmrs could have affected the
results.

One major limitation of this study was the lowearnhestimated sample size. With
an a priori sample size calculation, based on pieat length as a primary outcome, it
was estimated that an adequate sample size woutdrisgituted by 28 participants in
each group (28 LBP patients, 28 healthy volunteéteyvever, due to poor recruitment
rate of appropriate LBP patrticipants, there wenalfy recruited only 19 LBP patients
and 21 healthy volunteers. The fact that the stmay undersized may have reduced the
power of the study to detect existing meaningfufedences and thus there is an
increased probability for a type Il error (fail teject a true null hypothesis). However,
from the primary analysis the results showed cteands without dramatic changes
when compared to the final dataset. Thus, we assbatet is unlikely that a few more
participants would have been changed radically fin@l outcome of this study. In
addition, no sample size calculation was condutitedhe other variables examined in
this study. In relation to the unequal sample Bizéne two groups it is assumed that the
power of the study was not affected significantgctuse the differences between the
two samples were too small to differentiate thairances.

A further limitation was the variability of the LBEhronicity. The LBP patient
group was a heterogeneous group consisted mainlgubfacute and chronic LPB
patients. It is well known that chronic LBP patemhay have a complex pathologic
background which makes their diagnosis, rehahoiteénd interpretation of their results
difficult. Also, considering that the sample sizasarelatively small and the participants
were recruited from only three primary care sitegs trial should not be characterized

as completely representative or generalisable.
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Another important limitation of this study was theeasurement method utilized
for the estimation of the spinal length and thenapvibration response during walking.
This method was based on surface retro-reflectiaekers as described in an earlier
chapter. In particular for the spinal length valéalbhe major limitation was the absence
of a tightly controlled measuring posture like thre used in stadiometry studies
(Rodackiet al, 2003; Rodacket al, 2005). Thus, the reliability of the measurement
was depended on the individual posture adopted gamh and thus could be highly
subjective. However, apart from the difficulty inet standardization of the measuring
position, this technique proved highly accurateoexk 0.01mm) from measurements
taken on a rigid surface with known dimensions (&mgix 12, Figure 1). Also, all the
possible measures were taken by the researchedén i encourage the participants to
maintain the same posture during all static measenés. Similarly, for the spinal
frequency response estimation it is not clear wérethe measured frequencies reflect
the spinal response and/or that of the overlayofgtssues. It has been shown, that in
areas with increased musculature such as the thigbn the muscles are loose the
resonant frequencies are significantly lower thahemv the muscles are actively
tightened (Karlsson & Tranberg, 1999). Thus, markatached on loose tissues may
produce significant oscillations during walking whiare not necessarily representing
the behavior of the underlying rigid structures.isTis particularly important when
measurements are obtained from overweight partitspaln this study, some
participants were categorized as overweight acogrth their BMI and thus a possible
bias in the frequency response measurement maydesreintroduced.

The use of under-arm harness it is also a podssibiation for this study. The idea
for the use of this type of harness was to applgtiton in the lower back, as a result of
the upwards pulling force, and thus to reduce tleehanical stresses on the lumbar
structures. This effect cannot be achieved withugheal parachute type harness, used in
other studies (Joffet al, 2002; Puaet al, 2007), because the pulling force is applied to
the pelvis so compressing the lumbar section. Hewedtie under arm harness has some
inhered drawbacks. The first of all is that the leggion of force under the armpit is a

somewhat unpleasant experience, especially whehass#inuously. This is particularly
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significant when used for people with increasedybotass where the amount of the
unloading force required is greater. The main reasalue to the fact that through the
armpit they pass some very sensitive structurel ascthe axillar artery, nerves and
lymphatic glands. Under pressure these structueesanpressed with the end result of
decreased blood circulation and neural conducticthé arms. In addition, the shoulder
joints are the most unstable joints in the body apart from the muscles they are only
connected to the body by the sternoclavicular jolitus, the muscles supporting the
shoulder joint require a significant effort in orde withstand the 40% of body weight
unloading force. These muscles cannot resist aootisly this load and participants
often end up with over-abducted arms. This posi@rerts pressure on the neck which
causes additional unpleasant sensations in the nmedcles. This was a common
complain by the study participants of both groupiscomfort, fatigue and dyspnea are
some common symptoms that participants have repostieen using conventional
supported treadmill training with a 15% of body ghai (Mackay-Lyonset al, 2001).

Under arm body weight unloading treadmill walkireppnoot be characterized as an
optimal rehabilitation solution for LBP patients.hi$ is due to the fact that
contemporary LBP rehabilitation regimens for norecfic LBP aim to encourage
independent activity and change the behavior ofeptst and not provide solutions
which depend on heavy machinery. This is becaude isBa complex problem and its
approach with a medical or biomechanical model@hould constitute less than ideal
practice. A biopsychosocial approach, especialtytii@ non specific LBP, which has
proposed a couple of decades back (Waddell, 1833Nobably the preferred healthcare
approach. The proposed system is difficult to ipooate into everyday practice since it
requires regular attendance to a training centeclioical site. On the other hand to
provide a weight bearing harness at a local leiserdre would allow LBP patients to
exercise and keep fit with less pain than is culygossible.
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6.100VERALL DISCUSSION

This project achieved its primary aim to evaluie ¢ffects of supported treadmill
walking in LBP patients and healthy individualsngsia number of different variables.
Despite the various limitations outlined abovasisuggested that all the objectives set
at the beginning of this research were met sucakgsf

Although it is not possible to establish cause effiéct relationships between the
outcomes of this study, several explanations of kiwevstudy findings may be related
will be attempted. One of the major findings instetudy was that 30 minutes of 40% of
body weight supported treadmill walking has stat#ly significant effects over time on
the reported pain status of LBP patients. Thiscefiedicated that LBP increased over
time during conventional treadmill walking while iémained unchanged during the
experimental walking. However, what was the crltfeator for this effect? Was it the
reduction of the forces created during the he&estor the decompression of the lumbar
spine? The answer for this question is not straigivward since the evidence does not
clearly support either of the two hypotheses. Réiggrthe decompression of spine, the
findings of this study suggest an opposite outcfnme what was expected. The spine,
especially the lumbar segment, was found to be cesspd significantly over time,
even in the supported walking condition. This islqably the effect from the increased
muscle activity. It has been found that the typicéérvertebral disc pressures during
walking are between 0.53 — 0.63 MPa whereas wheorpang the Valsava maneuver
from the standing position the actual disc pressuas go up to 0.92 MPa (Willet al,
1999). It is also known that patients with low bgzkin have significantly increased
activity of the erector spinae and the rectus abdienmuscle during walking (Arendt-
Nielsen et al, 1995; Van Der Hulset al, 2010a; Van Der Hulset al, 2010b).
However, no relation was reported between eregioras activity and disability and
pain scores (Van Der Hulst al, 2010a). The findings of Wilke et al (1999) sudgdbat
the contraction of the abdominal and back musdesexert much higher pressures on
the intervertebral discs than the everyday norncéiviies such as walking. Thus, a
possible speculation regarding the decrease ol height in this study is that the
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proposed training position was an unfamiliar andhettmes uncomfortable for the
participants. This eventually increased further tascle activity, as a compensatory
mechanism for this new and unfamiliar walking caiodi, which in turn increased the
compression forces on the discs, regardless ofsidpa@ficant 40% of body weight
unloading force. In both walking conditions, a dedim decrease was observed in the
lumbar length (Figures 5.12-514) during the first® minutes and this can be further
associated with the increased muscular activityehVthe participants became more
familiar with the walking environment and probalsslaxed, the length started to be
regained also indicating the loss is reversible g@nobably not therefore due to
viscoelastic compression or the expulsion of fltreim the disc. However, this is an
arbitrarily assumption which needs further invediign by electromyography
measurements in order to be proved. It has beertegpthat individuals with chronic
LBP exhibit higher EMG activity and delayed statuszovery after a loaded task
(Healeyet al, 2005). The 30 minutes of horizontal resting tibefore each walking
session it is not expected to have contributedifsigntly in the observed spinal height
variation. No robust evidence exists regarding réguired time for the recovery of
spinal diurnal changes. An earlier study suggetitatl 54% of diurnal loss in stature
occur within an hour after rising and the 70% igaieed within approximately four
hours after lying down in young adults (Tyrretlal, 1985).

Thus, the important factor may be the decreasedmytound reaction forces during
walking and not the spinal decompression itselis T partially supported by the fact
that conventional spinal decompression achieveoutir traction has been found to be
ineffective for the treatment of LBP (Macario & Belizzi, 2006; Schimmekt al,
2009), especially when used as a single treatntélairke et al, 2007). In addition,
another study using a parachute type harness [arsdniot being able to elongate the
spine) reported a modicum of pain relief (Jo#feal, 2002) which is an additional
reason to suggest that spine elongation is probakelgvant to pain relief. On the other
hand though, limited evidence exists for the valfithe ground reaction force reduction
during walking. An earlier study has been reporeteduction by about 40% of the

impulsive forces with the use of insoles (Wosk &l&&hin, 1985). However, recent
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high quality reviews suggest that interventionsigiesd to reduce the repetitive
impulsive impact in the spine (such as the usenebles or back support) are also
ineffective for the prevention or treatment of LBFaharet al, 2008; Van Duijvenbode
et al, 2008). Thus, no firm conclusions can be madéeHfervalue of the ground reaction
forces reduction for the treatment of LBP. Howevke, decrease in the walking related
spinal peak frequencies and the non exacerbatigaiaffound in this study, during the
supported walking, may suggest a potential bef@fitBP patients.

The significant pain increase observed in the cbntralking condition does not
seem to cause significant changes in the spinal R@Mes. It has been suggested that
spine kinematic measurements of flexion and extensire not valid estimates of
disability in patients with chronic and subacuteFLBPoitraset al, 2000). Also, a poor
correlation between lumbar flexion and disabiligstbeen also reported (Sullivanal,
2000). Similarly, in this study, weak correlationgre found between reported pain
status, disability status and measured spinal rafigaotion. Thus, the main finding
regarding this variable is limited to the obsematthat LBP patients have significantly
decreased spinal range of motion than healthy gyeetits especially in movements
which exhibit greater angulations. However, siroe $ensitivity and the usefulness of
spinal ROM measurements is questioned, furthelarebBas needed in order to clarify
whether spinal ROM is a useful measurement whiah madict disability and also

monitor progress in LBP patients.

6.11SUMMARY

This chapter presented the discussion of the fgedof the main study presented in
chapter 5. The main effects of the application 6#040f body weight supported
treadmill walking in LBP patients were the ability undertake a period of 30 minutes
walking activity without elevating pain levels aadeduction in the vibration response
of the spine caused by heel strike. These beneBte achieved at the price of arm
shoulder and neck discomfort. Methodological drasdsaand study limitations were

also discussed but are unlikely to have influersigdificantly these conclusions.
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The current findings could add in the greater LBErature regarding means to
maintain or improve fitness levels of LBP patienithout exacerbating LBP. It is well
known that fear avoidance attitudes contribute lyaist the development of a sick
behavior, resulting to fitness reduction, which Idobe the critical factor for the
transition from an acute LBP incident to a chraamcl complicated condition. Therefore,
for mechanical LBP, methods to reduce the heel atngiaring walking as well as advice
regarding the optimal exercising time while beimgpain may be critical.

In the following chapter, the objectives statectiapter one will be linked with
the findings of this research and the overall aesions will be drawn. In addition,

based on the conclusions, further recommendatmmisifure studies will be attempted.
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CHAPTER 7CONCLUSIONS & RECOMMENDATIONS
7.1INTRODUCTION

This chapter summarizes the findings of this projacrelation to the aims and
objectives stated in Chapter 1. In relation to ¢hflsdings the author aims to make some

recommendations for further research and clinicattice.

7.2CONCLUSIONS

The overall conclusion of this project is that thmin aim of the study was
successfully fulfilled. All the objectives of theam research question were investigated
thoroughly and the conclusion for each or them hellstated below.

This study was successful in developing a multrsegt spinal ROM measuring
techniqgue which was validated and can be configamdled for clinical and research
purposes. Chapter 3 is dedicated to the developraedt testing methods of the
Polhemus Liberty. To the author's knowledge thishis first study reported ROM data
in more than one spinal segment from asymptomatividuals and people with LBP.
Thus, Polhemus Liberty is a valid and reliable exystvith accuracy levels in excess of
those required for gross spinal measurements. Henvespecial attention should be
given to the sensors attachment and participaminga and instruction before and
during movement performance. In addition, regarding movements in the sagittal
plane, the poor repeatability of the starting positan be a source of error in repeated
measures. These were identified as the greatestesowf error since inconsistent
participant performance, poor reliability of sensttachment and inconsistent starting
position especially in the sagittal plane can idtrce quite large random errors.

Supported treadmill walking did not alter signifitly the spinal range of motion
in LBP patients when used in a single session. iplaltsessions may be needed for a
potential improvement. Spinal movements which exlgteater ROM, such as forward
flexion, are mostly affected in low back pain patge

Regarding the spinal elongation, the findings of gtudy indicate that 30 minutes
of 40% body weight supported treadmill walking doast cause any significant
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lengthening of the spine, in both healthy peopl& ABP patients. Conversely, the spinal
length decreased significantly over time and theabar spine was mainly responsible
for this decrease. Since no statistically significdifference existed in spinal length
between walking conditions, but on the other hdreadte was a significant pain increase
during the control walking condition, the spinahgaression may not be a critical factor
for the pain exacerbation observed in the contadking condition.

Although not statistically significant, the healtpgrticipant group showed greater
decrease in spinal length than the LBP group, ith lwealking conditions. This was
probably an indication that the spines of LBP pdtiewere already more compressed
(possibly due to muscle guarding) than these oltinegarticipants. This fact allowed
greater spinal length variability in the healthytpapants group.

Low back pain levels were gradually increased owere during the control
treadmill walking. On the contrary, although sugedrtreadmill walking did not resolve
LBP symptoms, the findings of this study indicakattit can prevent further pain
exacerbations. Thus, this training regime may bieeoiefit to LBP patients because they
can maintain or even improve their physical fithefsle preventing pain exacerbations
during treadmill walking. In terms of the walkingur@tion it can be concluded that
people with LBP can walk relatively safely for up 10 minutes. After this time they
may be at an increased risk of significant pairraase, which can be avoided using
supported walking.

The reduction of ground reaction forces during wegkmay be a key factor for the
prevention of pain exacerbations in people with LBRe frequency spectra of values
related to stepping frequency (1-2 Hz) were redudedng the supported walking
condition. This may be a contributing factor foethon increase of the reported low
back pain levels during this supported walking ¢tod. Frequencies between 4-6Hz
produced by industrial machinery, and have beeworteg to be risk factors for the
development or exacerbation of LBP, may not bentdrest in normal walking because

their power appeared to be insignificant.
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Under-arm supported treadmill walking alters sigaintly the temporospatial and
kinematic parameters of lower limbs. In additiome tateral and the axial rotations of
the spine during walking where mostly limited bg tmder-arm harness.

The use of the under-arm harness for partial boéjght unloading walking
proved to be problematic in practice. The desiga okew upper-body harness attached
to the trunk or the use of the conventional partschype harness is recommended
instead.

The body weight supported treadmill walking conamjaty not be of benefit for the
treatment of non-specific low back pain which cdogts the vast majority of LBP
cases. Further high quality randomized controlkést with more than one session of
supported walking and large sample sizes are nesdedder to verify its clinical
efficacy and cost effectiveness.

To sum up, due to methodological limitations dis&ds in earlier section, no
categorical conclusions can be drawn from this ystidowever these findings can
provide some useful information for future reseaactd for clinical practice. Further
research is needed to explore any associations@spnal elongation, ROM, disability

and pain levels in LBP patients.

7.3RECOMMENDATIONS FOR FURTHER RESEARCH

The concept of decompression of the lumbar spirgefiequently used by various
treatment techniques, especially those provideddbgopaths, chiropractors and manual
therapists. The current study proposed an altemnaegchnique for applying spinal
decompression without being able to measure amyfisignt spinal elongation or pain
relief at the end of a single 30 minute sessiowalking in mild to moderate LBP.

The effects of supported treadmill walking shouéfbrther investigated. A study
incorporating electromyography is needed to providéher information regarding the
function of the abdominal and back muscles durimgventional and supported
treadmill walking. A possible over-activation ofofe muscles may not be desirable
since it can introduce significant spinal compressiFurthermore, the association

between spinal compression and low back pain stedatiibe further investigated.
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Due to reasons discussed above, supported treagakilhg it is highly unlikely to
provide any significant pain relief or constitutepamary therapy regime for LBP.
However, because this study did not have a follpadesign, a study with subsequent
sessions may be more appropriate to investigatenpal pain relief effects. Also, a
more user friendly harness should be designedowdth it is recognized that it is quite
difficult to design an effective upper body harnédsus, probably the conventional type
of harness should be used instead.

There is a need for further high quality randomizedtrolled trials to investigate
in depth the mechanical effects on the spine of/entional and body weight unloaded
walking. The need for high quality research studsemphasized by the strong
controversy in the literature regarding the effeatiess of spinal traction, back support,
use of foot shock absorbers, exercises, manipelachniques etc. This is often
obvious in Cochrane reviews where little or pooaldy of evidence exist in order to
support assumptions.

There is also a need to develop a rigid categaoizatystem of low back pain. The
inclusion in research studies of heterogeneous pBfent groups is often leads to
inconclusive results.

Regarding the clinical implication of these findng can be suggested that the
reduction of ground reaction forces may have bé&nédr patients with LBP. From the
pain trajectory an indication can be also drawnuahbe safe walking time for a low
back pain patient. In addition, the usefulnessraétion techniques usually utilized in
clinical practice is questioned. In conjunctiontb@ conventional LBP treatment, it is
probably advisable for the patients to use meansedoce the impact of heel strike
during walking. In addition, prolonged activitiehie being on pain should be possibly
avoided.

The main benefit of under arm body weight suppovtatking would appear to be
the ability for LBP patients to undertake exersisthout exacerbating pain and hence to
help maintain their physical fithess and prevempsadary deconditioning of the body
due to the limitations of activity caused by LBR this end, if a suitable and pain free

upper body harness and weight support system doeldhtroduced to local leisure
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centres, then this could allow people with LBP tereise regularly and maintain fitness

without exacerbating their pain.

7.4PUBLICATIONS
7.4.1Current Publications (Conference Proceedings)

So far, findings from this project have been pui# in the proceedings of four
international conferences:

1. Kaliarntas K.T, Ugbolue, U.C., Riches, P.E., Rowel., (2009) Proceedings of
the XXII Congress of the International Society abmechanics.Concurrent
validity and test-retest reliability of the Polhesniberty for the measurement of
spinal range of motioanJuly 5-9, University of Cape Town, South Africa

2. Kaliarntas, K.T., Riches, P.E., Ugbolue, U.C., RpRe). (2010Proceedings of
the 17th Congress of the European Society of Bitwaeics Effects of supported
and normal treadmill walking on healthy middle-agegpines July 5-8,
University of Edinburgh, UK

3. Kaliarntas, K.T., Riches, P.E, Ugbolue C.U., Rowe]. (2010Proceedings of
the 7th Interdisciplinary World Congress on Low B&c Pelvic Pain.Effects of
supported and normal treadmill walking on Low Bd&&in PatientsNovember
9-12, Los Angeles, USA

4. Kaliarntas, K.T., Riches, P.E, Ugbolue C.U., Rowe]. (2011)Proceedings of
the XXIII Congress of the International SocietyRibmechanicsGait and trunk
movement patterns of low back pain patients andtlineavolunteers during
supported and conventional treadmill walkinguly 3-7, Brussels, Belgium

7.4.2Future Publications (Journal Articles)

Two publications are currently prepared for submis# relevant journals such as
Gait & Posture and Spine.

The one paper will consist of results presentedhiapter 3 and is related to the
validity and reliability testing of the Polhemusbkrty. The other paper will be the
outcome of the main study regarding the supporteddmill walking randomised

control trial.
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Appendix 4

APPENDIX 4: POLHEMUS RIG ANGLES & ERRORS

Table 1. Rotation about X axis, (Forward-backward)segment 1.

Reference Measured angle Error
Angle ° (degrees) (degrees)
1% 2nd 3 Mean 1% 2nd 3¢ Mean
90 91.3 91.6 91.5 91.5 1.3 1.6 1.5 1.5
80 79.5 79.6 79.7 79.6 0.5 0.4 0.3 0.4
70 69.7 69.8 69.6 69.7 0.3 0.2 0.4 0.3
60 59.6 59.6 59.9 59.7 0.4 0.4 0.03 0.3
50 49.8 49.7 49.3 49.6 0.2 0.3 0.7 0.4
40 39.9 39.3 39.7 39.6 0.1 0.7 0.3 0.4
30 29.8 29.7 29.5 29.7 0.2 0.3 0.5 0.3
20 19.9 20.2 19.9 19.9 0.1 0.2 0.1 0.1
10 10.1 9.8 9.9 9.91 0.1 0.2 0.1 0.1
0 0 0 0 0 0 0 0 0
-10 9.6 10.1 9.9 9.9 0.4 0.1 0.1 0.2
-20 19.6 19.6 19.6 19.6 0.4 0.4 0.4 0.4
-30 29.6 29.4 29.3 29.5 0.4 0.6 0.7 0.5
-40 39.2 39.2 39.1 39.2 0.8 0.8 0.9 0.8
-50 49 48.9 49 48.9 1 1.1 1 1.1
-60 58.9 58.8 58.7 58.8 1.1 1.2 1.3 1.2
-70 69.2 68.8 68.6 68.9 0.8 1.2 1.4 1.1
-80 79.3 79.5 79.6 79.5 0.7 0.5 0.4 0.5
-90 92 91.7 91.1 91.5 2 1.7 1.1 1.5
Mean 0.57 0.6 0.6 0.6
Max 2 1.7 1.5 1.5
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Table 1. Rotation about X axis, (Forward-backward)segment 2.

Reference Measured angle Error
Angle ° (degrees) (degrees)
1% 2nd 3 Mean 1% 2nd 3¢ Mean
90 90.9 91.2 91.1 91 0.9 1 1.1 1
80 79.3 79.4 79.5 79.4 0.7 0.6 0.5 0.6
70 69.7 69.8 69.6 69.7 0.3 0.2 0.4 0.3
60 59.4 59.7 60.1 59.7 0.6 0.3 0.1 0.3
50 49.9 49.9 49.5 49.7 0.1 0.1 0.5 0.3
40 40 39.5 39.9 39.7 0 0.5 0.1 0.3
30 30 29.9 29.7 29.7 0 0.1 0.3 0.3
20 20 20.3 20 20.1 0 0.3 0 0.1
10 10.1 9.9 10 10 0.1 0.1 0 0.1
0 0 0 0 0 0 0 0 0
-10 9.7 10.2 10 9.9 0.3 0.2 0 0.1
-20 19.8 19.8 19.8 19.8 0.2 0.2 0.2 0.2
-30 29.9 29.7 29.6 29.8 0.1 0.3 0.4 0.2
-40 39.6 39.6 39.6 39.6 0.4 0.4 0.4 0.4
-50 49.5 49.5 49.5 49.5 0.5 0.5 0.5 0.5
-60 59.5 59.4 59.3 59.4 0.5 0.6 0.7 0.6
-70 69.6 69.1 68.9 69.2 0.4 0.9 1.1 0.8
-80 78.9 79.1 79.2 79 1.1 0.9 0.8 1
-90 89.7 89.5 89.1 89.4 0.3 0.5 0.9 0.6
Mean 0.3 0.4 0.4 0.4
max 1.1 1.2 1.1 1
Table 3. Rotation about X axis, (Forward-backward)segment 3.
Reference Measured angle Error
Angle ° (degrees) (degrees)
1% 2nd 3 Mean 1% 2nd 3¢ Mean
90 92 92.4 92.3 92.3 2 2.4 2.3 2.3
80 80.2 80.3 80.5 80.3 0.2 0.3 0.5 0.3
70 70.3 70.4 70.3 70.3 0.3 0.4 0.3 0.3
60 60.2 60.2 60.6 60.3 0.2 0.2 0.6 0.3
50 50 50.3 49.9 50 0 0.3 0.1 0.2
40 40.4 39.9 40.2 40.2 0.4 0.1 0.2 0.2
30 30.3 30.1 29.9 30.1 0.3 0.1 0.1 0.1
20 20.3 20.6 20.2 20.4 0.3 0.6 0.2 0.4
10 10.3 10.3 10.3 10.3 0.3 0.3 0.3 0.3
0 0 0 0 0 0 0 0 0
-10 9.9 10.3 10.1 10.1 0.1 0.3 0.1 0.2
-20 20 20 20 20 0 0 0 0
-30 30.3 30.1 30 30.1 0.3 0.1 0 0.1
-40 40.1 40.3 40.2 40.2 0.1 0.3 0.2 0.2
-50 50.3 50.2 50.4 50.3 0.3 0.2 0.4 0.3
-60 60.5 60.2 60.4 60.4 0.5 0.2 0.4 0.4
-70 71.6 70.5 70.8 70.1 1.6 0.5 0.8 0.1
-80 80.8 81 81 80.9 0.8 1 1 0.9
-90 91.8 91.3 90.7 91.2 1.8 1.3 0.7 1.2
Mean 0.5 0.5 0.4 0.5
Max 2 2.4 2.3 2.3
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Table 4. Rotation about Y axis, (Left-right axial rotation) segment 1.

Reference Measured angle Error
Angle ° _ (degrees) (degrees)
1 2nd 3 Mean 1% 2nd 3¢ Mean
120 58.7 58.2 58.4 58.4 61.3 61.8 61.6 61/6
110 69.3 68.9 69 69 40.7 41.1 41 41
100 78.7 78.9 78.6 78.7 21.3 21.1 21.4 213
90 85.9 85.8 85.8 85.8 4.1 4.2 4.2 4.2
80 79 79 79.2 79 1 1 0.8 1
70 69.1 69.3 69.5 69.3 0.9 0.7 0.5 0.7
60 59.1 59.4 59.1 59.2 0.9 0.6 0.9 0.8
50 49.6 49.6 49.6 49.6 0.4 0.4 0.4 0.4
40 39.6 39.7 39.6 39.6 0.4 0.3 0.4 0.4
30 29.8 29.8 29.7 29.7 0.2 0.2 0.3 0.3
20 19.8 19.5 19.6 19.6 0.2 0.5 0.4 0.4
10 10.3 10 9.9 10 0.3 0 0.1 0.1
0 0 0 0 0 0 0 0 0
-10 9.8 10 10.1 10 0.2 0 0.1 0
-20 19.7 19.6 19.8 19.7 0.3 0.4 0.2 0.2
-30 29.6 29.7 29.7 29.7 0.4 0.3 0.3 0.3
-40 39.8 39.8 39.5 39.7 0.2 0.2 0.5 0.2
-50 50 50 49.8 49.9 0 0 0.2 0.1
-60 59.3 59.5 59.6 59.5 0.7 0.5 0.4 0.5
-70 69.8 69.8 69.7 69.7 0.2 0.2 0.3 0.3
-80 79.8 79.8 79.7 79.8 0.2 0.2 0.3 0.2
-90 89.7 89.8 89.8 89.8 0.3 0.2 0.2 0.2
100 80.4 80.4 80.3 80.3 19.6 19.6 19.7 19.6
110 69.9 70.4 70.1 70.1 40.1 39.6 19.9 397
120 60.4 60.7 60.3 60.5 59.6 59.3 59.7 594
Mean
Max
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Table 5. Rotation about Y axis, (Left-right axial rotation) segment 2.

Reference Measured angle Error
Angle ° (degrees) (degrees)
1% 2nd 3 Mean 1% 2nd 3¢ Mean

120 59.3 58.9 59.1 59.1 60.7 61.1 60.9 60.9
110 69.9 69.5 69.7 69.]7 40.1 40.5 40.3 40.3
100 79.1 79.3 74 79.1 20.9 20.7 P1 20.9
90 85.8 85.7 85.7 85.F 4.2 4.3 4.3 4.3
80 78.9 79 79 74 1.1 1 1 1

70 69.1 69.3 69.4 69.3 0.9 0.7 0.6 D.7
60 59.1 59.5 59.1 59.8 0.9 0.5 Q.9 7
50 49.6 49.6 49.6 49.6 0.4 0.4 Q.4 ).4
40 39.6 39.7 39.4 39.p 0.4 0.3 Q.4 ).4
30 29.8 29.7 29.7 29.7 0.2 0.3 Q.3 3
20 19.8 19.5 19.6 19.p 0.2 0.5 Q.4 ).4
10 10.2 10 9.9 10.1 0.2 0 0j1 g.1

0 0 0 0 0 0 0 g Q

-10 9.8 10 -10.% -9.9 0.2 0 0j1 0.1

-20 19.6 19.6 -19.§ -19.7 0.4 0.4 Q.2 D.3
-30 29.6 29.7 -29.7 -29.7 0.4 0.3 Q.3 3
-40 39.7 39.8 -394 -39.6 0.3 0.2 Q.6 ).4
-50 49.9 49.9 -49.§ -49.9 0.1 0.1 Q.2 D.1
-60 59.8 59.5 -59.5 -59.4 0.2 0.5 Q.5 .6
-70 69.7 69.7 -69.5 -69.6 0.3 0.3 Q.5 ).4
-80 79.6 79.6 -79.5 -79.p 0.4 0.4 Q.5 D.5
-90 87.6 87.4 -87.4 -87.5 2.4 2.6 2.6 25
100 79.2 79.1 -79 -79.1 20.8 20.9 P1 20.9
110 68.8 69.3 -64 -69 41.2 40.7 41 A1
120 59.3 59.4 -59.3 -59 60.7 60.6 60.7 6D.6

Mean
Max

253



Appendix 4

Table 6. Rotation about Y axis, (Left-right axial rotation) segment 3.

Reference Measured angle Error
Angle ° (degrees) (degrees)
1% 2nd 3 Mean 1% 2nd 3¢ Mean
120 56.1 55.7 55.9 55.9 63[9 64.3 64.1 614.1
110 66.7 66.4 66.5 66.5 43(3 43.6 48.5 43.5
100 76.2 76.4 76.1 76.3 23(8 23.6 23.9 23.7
90 84.5 84.5 84.5 84.p 55 5|5 5.5 5.5
80 78.7 78.8 78.9 78.8 13 12 1.1 1.2
70 68.9 69.1] 69.2 69 1 0}9 0.8 1
60 58.9 59.2 58.9 59 i 0}8 1.1 1
50 49.4 49.4 49.3 49.4 0/6 0\6 Q.7 D.6
40 39.4 39.5 39.5 39.p 0/6 0}5 Q.5 D.5
30 29.6 29.6 29.5 29.p 0/4 0.4 Q.5 A4
20 19.8 19.4 19.5 19.p 0/2 0\6 Q.5 ).4
10 10.2 10 9.9 1( 0.2 D 02 0
0 0 0 0 0 0 0 g Q
-10 -9.8 -10 -10.) -9.9 -0.2 0 0]1 0.1
-20 -19.6 -19.6 -19.§ -19.7 -0}4 0.4 Q.2 D.3
-30 -29.6 -29.7 -29.7 -29.7 -0}4 0}3 Q.3 3
-40 -39.8 -39.8 -39.5 -39.7 -0J2 0}2 Q.5 D.3
-50 -49.9 -50 -49.7 -49.9 -0.1 0 0}3 Q.1
-60 -59.1 -59.4 -59.4 -59.8 -0J9 0\6 Q.6 7
-70 -69.5 -69.5 -69.4 -69.p -0J5 0\5 Q.6 D.5
-80 -79.5 -79.5 -79.4 -79.p -0J5 0}5 0.6 D.5
-90 -88.7 -88.6 -88.6 -88.7 -113 1.4 1.4 1.3
100 -83 -82.9 -82.4 -82.9 -1j7 1711 171.2 1y.1
110 -72.5 -73.1] -72.9 -72.8 -3715 36.9 37.1 37.12
120 -63.1 -63.4 -63 -63.2 -56/9 56.6 57 56.8
Mean
Max
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Table 7. Rotation about Z axis, (Left-right lateral flexion) segment 1.

Reference Measured angle Error
Angle ° (degrees) (degrees)
1% 2nd 3 Mean 1% 2nd 3¢ Mean
90 88.9 88.6 88.4 88.8 11 1.4 1.2 1.2
80 78.7 79 78.9 78.8 18 1 11 1.2
70 68.9 68.9 68.6 68.8 11 11 1.4 1.2
60 59.2 59.4 59.5 594 0/8 0\6 Q.5 .6
50 50.7 49.8 49.6 50 0.7 0|2 0.4 0.4
40 40 40 40 40 @ D D
30 29.9 29.8 30.1 30.p 0/1 0}2 Q.1 2
20 19.6 20.2 2( 19.9 04 0|2 0 Q.1
10 9.9 9.9 10.3 10, 0.1 0J1 0}3 Q.2
0 0 0 0 0 0 0 g Q
-10 -9.8 -9.4 -9.8 -9.4 0.2 06 0{2 g.4
-20 -19.7 -19.6 -19.4 -19.5 0/3 0.4 0.6 D.5
-30 -29.4 -29.6 -29.7 -29.6 0/6 0.34 0.3 D.4
-40 -39.5 -39.4 -39.4 -39.5 0/5 0|6 Q.6 D.5
-50 -49.1 -49.8 -49.4 -49.4 0/9 0}2 0.6 D.6
-60 -59.3 -58.9 -59.2 -59.p 07 141 0.8 .8
-70 -69.1 -69 -69.7 -69.1 0.9 1 0/8 Q.9
-80 -79 -79 -78.9 -79 1 L 11 1
-90 -88.8 -89.4 -89.4 -89.p 12 0/6 Q.4 .8
Mean 0.6 0.6 0.6 0.6
Max 1.3 1.4 1.4 1.2
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Table 8. Rotation about Z axis, (Left-right lateral flexion) segment 2.

Reference Measured angle Error
Angle ° (degrees) (degrees)
1% 2nd 3 Mean 1% 2nd 3¢ Mean
90 89 88.8 89 89 1 1.p il 1
80 78.8 79.1 79 79 1.p 0/9 1 1
70 68.9 68.9 68.71 68.8 11 141 1.3 1.2
60 59.2 59.3 59.4 59.8 0J8 0.7 Q.6 v
50 50.6 49.8 49.6 50 0.6 0/2 0.4 0.4
40 40 40 40 40 ( ( D D
30 29.9 29.8 30.1 30.1 01 0.2 0.1 3
20 19.6 20.2 20 2( 0.4 0J2 0 0.2
10 9.9 9.9 10.2 1( 0.1 02 0|2 g.2
0 0 0 0 0 0 0 0 @
-10 -9.7 -9.4 -9.7 -9.4 0.8 0,6 0{3 g.4
-20 -19.7 -19.6 -19.4 -19.6 0{3 0.4 0.6 D.5
-30 -29.4 -29.6 -29.7 -29.6 0J6 0.4 Q.3 4
-40 -39.5 -39.4 -39.4 -39.6 05 0.6 0.6 D.5
-50 -49.2 -49.8 -49.4 -49.4 0{8 0.2 0.6 0/56
-60 -59.3 -59 -59.3 -59.p 0.[7 1 0.7 Q.8
-70 -69.1 -69.1 -69.3 -69.p 0/9 0.9 Q.7 D.8
-80 -79.1 -79 -79 -74 0.9 il il 1
-90 -88.9 -89.6 -89.7 -89.4 1)1 0.4 0.3 .6
Mean 0.6 0.5 0.5 0.5
Max 1.2 1.2 1.3 1.2
Table 9. Rotation about Z axis, (Left-right lateral flexion) segment 3.
Reference Measured angle Error
Angle ° (degrees) (degrees)
1% 2nd 3 Mean 1% 2nd 3¢ Mean
90 90.1 89.7 89.9 89.0 01 0.3 0.1 A
80 79.8 80.3 8( 8 0.p 0,3 0 0.2
70 69.6 70.1 69.1 69.6 04 0.1 Q.9 D.5
60 59.8 59.9 60.3 60 0.2 0[1 0.3 0.2
50 51.4 51.1 50 50.8 14 1]1 0 Q.8
40 40.5 40.6 40.7 40.p 05 0.6 Q.7 D.6
30 30.4 30.2 31.1 30.6 044 0.2 1.1 .6
20 19.9 19.6 20.4 20 0.1 0}4 0.6 0.4
10 9.5 10.3 10.9 10.2 05 0{3 0.9 0.6
0 0 0 0 0 0 0 0 @
-10 -10 -9.3 -9.56 -9.6 D 0.7 04 0.4
-20 -19.9 -19.7 -19.9 -19.8 0{1 0.3 Q.1 D.2
-30 -30 -30.3 -30.4 -30.2 0] 043 0.4 Q.2
-40 -40.5 -40.4 -40.3 -40.4 04 0.4 Q.3 ).4
-50 -50.4 -51 -50.6 -50.7 0.4 1 0.6 Q.7
-60 -61 -60.7 -61 -60.9 N 0.7 1 019
-70 -71.3 -71.3 -71.5 -71.4 13 1.3 1.5 1.4
-80 -82.1 -82.1 -81.9 -82. 21 2(1 1.9 2
-90 -92.6 -93.4 -93.5 -93.p 216 3.4 3.5 3.2
Mean 0.6 0.7 0.8 0.7
Max 2.6 3.4 3.5 3.2
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APPENDIX 5: RESEARCH & DEVELOPMENT APPROVAL
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APPENDIX 6: NHS ETHICAL APPROVAL
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APPENDIX 7: RECRUITMENT QUESTIONNAIRE, INFORMATION
SHEET AND CONSENT FORM FOR LBP PATIENTS.
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Page 1
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Page 2
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APPENDIX 8: RECRUITMENT QUESTIONNAIRE, INFORMATION
SHEET &CONSENT FORM FOR HEALTHY VOLUNTEERS
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Page 1
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Page 2

269



Appendix 8

270



Appendix 9

APPENDIX 9: OSWESTRY DISABILITY INDEX

271



Appendix 9

ODI Scoring:

0% to 20% (minimal disability) : Patients can cope with most activities
of daily living. No treatment may be indicated epicéor suggestions on
lifting, posture, physical fithess and diet. Patserwith sedentary
occupations (ex. secretaries) may experience nrotggms than others.
21%-40% (moderate disability). Patients may experience more pain
and problems with sitting, lifting and standingaVel and social life are
more difficult. Patients may be off work. Persomale, sleeping and
sexual activity may not be grossly affected. Covestere treatment may
be sufficient.

41%-60% (severe disability) Pain is a primary problem for these
patients, but they may also be experiencing sicpnifi problems in
travel, personal care, social life, sexual activatyd sleep. A detaile
evaluation is appropriate.

61%-80% (crippled): Back pain has an impact on all aspects of daily
living and work. Active treatment is required.
81%-100%: These patients may be bed bound or exaggeratisig |th
symptoms. Careful evaluation is recommended.

-
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APPENDIX 10: SF-1%, HEALTHY SURVEY
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Appendix 11
APPENDIX 11: INDIVIDUAL CHARACTERISTICS & SPINAL EXCURSIONS
Table 1 LBP patients characteristics.
Patient ID | Age | Height Mass BMI | SF12 | SF12 | ODI Pain duration | Cause Working status
(cm) | (kg) (PCS) | (MCS) (weeks)
1 50 171 87 30 39 32 20 9 Injury Bakery worker
2 41 174 81 27 40 42 30 7 Injury Office worker
3 39.4 181 70 21 41 34 30 12 Injury Army
4 44.7 167 56 20 38 44 24 12 Injury Technician
5 51.5 172 78 26 44 46 38 24 C/IR Businessman
6 47 174 71 23 48 55 6 24 C/R Salesman
7 41.3 174 80 26 35 58 14 8 Injury Builder
8 50.7 180 99 30 41 46 20 3 Injury Office worker
9 46.2 185 90 26 37 58 26 8 Injury Farmer
10 44.6 176 111 36 41 49 24 24 Injur Technician
11 60 171 61 21 50 59 6 8 Injury Office worker
12 48 167 89 32 21 55 46 24 Injury Plumber/teacher
13 59 171 65 22 40 63 18 24 C/R Pensioner
14 40.9 169 88 31 36 64 4 6 C/IR Truck driver
15 59.5 174 72 24 52 34 12 24 C/R Painter
16 31.4 183 93 28 55 54 4 24 C/R Software engineer
17 58 168 79 28 40 63 32 8 Injury S/market worker
18 26 176 81 26 29 42 22 20 C/R Office worker
19 57 166 79 29 35 28 36 6 C/R Factory worker

Cannot recall
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Table 2 LBP patients spinal excursions.

Appendix 11

Patient| Age Height | Mass Lumbar Excursion Trunk Excursions Total Spine esmurs

ID (cm) | (kg)
Sagittal Coronal Transverse Sagittal Corond| Trarsy Sagittal Coronal

1 50 171 87 | 53.36648 | 26.81357 | 7.810546 77.63912 101.7608 64.40842 91.31687 116.7646
2 41 174 81 | 44.37304 | 23.2596 10.41196 75.984 79.51759 61.02735 101.5627 95.50718
3 39.4 181 70 | 64.45823 | 29.22729 | 13.61699 96.03817 76.13483 73.98068 123.6546 115.6627
4 447 167 56 | 32.71716 | 35.00675 | 9.808045 84.21394 81.13289 55.12731 124.1162 123.8668
5 51.5 172 78 | 48.07253 | 20.77216 | 17.17993 82.40691 95.34326 96.34601 137.5994 122.16
6 47 174 71 | 65.11168 | 30.41987 | 4.587152 84.12379 84.16325 72.77032 90.89145 133.9867
7 41.3 174 80 | 48.93334 | 34.75262 9.92873 66.95653 73.66369 71.69095 96.31094 128.5673
8 50.7 180 99 | 49.53689 | 29.22673 | 23.67969 98.14124 89.46326 84.01779 119.9188 134.0356
9 46.2 185 90 | 39.26231 | 25.34944 | 23.56159 92.188 84.17216 85.29206 121.9377 121.2563
10 44.6 176 111] 36.95133 | 27.32971 27.5777 77.14116 95.00906 112.6759 111.8948 147.0507
11 60 171 61 | 62.25283 | 40.65504 | 13.49686 92.89631 107.0663 97.46809 159.8779 160.1005
12 48 167 89 | 37.18306 | 20.85394 | 20.44245 67.91224 72.58996 71.13683 105.1242 94.56351
13 59 171 65 | 70.31919 | 32.73616 | 10.69197 106.0694 92.0497 72.01175 128.3949 125.1367
14 40.9 169 88 | 61.25699 | 29.62011 | 14.48177 89.2505 73.76604 57.0394 119.8858 96.961
15 59.5 174 72 | 57.27201 | 27.38226 | 25.10191 74.43501 78.65576 98.49222 133.4341 126.5816
16 31.4 183 93 | 80.93384 | 41.53781 | 12.91289 101.2675 105.3378 84.38313 131.0373 117.6256
17 58 168 79 | 25.03147 | 24.94112 | 14.01386 42.35419 61.51996 54.95781 89.69412 80.87095
18 26 176 81 | 39.03778 | 27.99735 | 14.19407 50.46962 71.85902 70.96109 82.15713 112.8003
19 57 166 79 | 41.02746 | 25.21993 | 11.43784 45.05532 72.15824 60.02657 67.76688 80.89069
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Table 3. Healthy Volunteers biometric characteristics apthal excursions.

Appendix 11

Healthy | Age Height | Mass Lumbar Excursion Trunk Excursions Total Spine Eztums
1D (cm) (kg) Sagittal Coronal | Transvers¢  Sagittd Corond| Trarsy Sagittal Coronal
1 34 1.81 75 63.91817 41.64104 16.29542 79.46557 96.2272 76.97473 151.564 160.4028
2 39 1.79 83 85.19828 47.65218 21.40754 100.0465 85.76871 81.43506 146.9077 169.0792
3 38.6 1.75 74 71.11429 36.61511 13.12208 110.3353 89.75847 87.19275 177.2841 135.6033
4 32.6 1.76 84 72.32407 40.33353 9.963063 91.04792 103.6543 55.38689 136.9654 181.951
5 29.1 1.75 79 85.25336 48.82457 12.24823 113.4323 100.5134 87.40324 184.7556 177.1833
6 39 1.72 65 63.59431 | 40.27367 9.498991 106.7518 93.06212 70.46091 170.835 148.5107
7 29.5 1.75 80 69.633 32.86084 11.02374 102.6836 87.51241 103.0313 149.6507 153.3869
8 33 1.81 90 44.48193 22.63294 10.97345 92.27597 84.56929 83.71769 141.0949 127.9603
9 30.6 1.76 63 63.31336 39.90205 11.45123 91.2246 84.20903 75.26563 185.6431 142.7852
10 31.5 1.71 66 54.30076 | 44.54598 10.85266 90.2388 102.8097 71.01267 156.7403 161.0278
11 33 1.73 72 53.96807 27.64098 13.58578 108.0213 99.10208 87.32097 160.822 158.7088
12 32.6 1.81 72.5 71.10349 | 43.29607 13.52674 93.46953 109.3775 66.67086 113.5642 148.2229
13 50 1.72 66 77.9541 41.48583 10.03718 116.9668 95.14321 86.48934 144.0239 129.6093
14 38.5 1.87 79 62.64533 39.52999 11.65283 101.0081 103.9104 88.84299 143.0502 143.4333
15 445 1.91 115 58.6589 19.91443 24.22559 80.35983 83.48312 87.31334 124.9929 157.2038
16 34 1.9 79 84.87761 | 46.13254 26.445 100.6905 95.8956 90.71234 116.7099 140.2594
17 45 1.82 77 68.08219 39.75386 23.31358 90.56551 91.14332 80.58414 123.4936 111.7944
18 60 1.69 77 33.01504 33.24175 11.907 80.28635 76.84969 78.84101 86.64475 98.85154
19 46.5 1.86 76 52.57004 28.33006 15.94667 107.0192 79.14299 57.44132 138.8201 155.0441
20 40 1.78 78 59.85315 27.19968 15.08308 92.28513 77.30653 86.42879 114.4912 129.9531
21 30 1.79 78 73.9236 4452782 17.87634 104.9444 92.39993 85.53954 167.0146 161.4808
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APPENDIX 12: SPINAL LENGTH & MEASUREMENT ACCURACY

0.05 -
0.04 -
0.03 -
0.02 -
0.01 -
0¢ * * * * * *
0010 5 10 15 20 25 30
-0.02 -
-0.03 -
-0.04 -
-0.05 -

Error (mm)

Time (min)

Figure 1. Accuracy of length calculation technique, testach rigid body under the same experimental
conditions used for the estimation of the humanalgdength.
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Supported Walking

Patients

- = = .Healthy

length(%)

Time (min)

Figure 2. Spinal length of LBP patients and healthy indirxts during supported walking (meanz
standard error)

Control Walking

Patient
- = = .Healthy

length (%)

Time (min)

Figure 3. Spinal length of LBP patients and healthy indixats during control walking (mean+ standard
error).

280



Appendix 13

APPENDIX 13: RAW DYNAMIC SPINAL LENGTH CHANGE DATA

The figures of the raw dynamic spine data preseint¢ide same order as they appear in
the results chapter (5.6.1).

LBP Patients [Lumbar Segment baseline measurement]
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LBP Patients [Lumbar Segment, measurement at 3dminute]
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LBP Patients [Thoracic Segment, baseline measuremin
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LBP Patients [Thoracic Segment, measurement at 30minute]
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Healthy Participants [Lumbar Segment, baseline measement]
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Healthy Participants [Lumbar Segment, measurement 830" minute]
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Healthy Participants [Thoracic Segment, baseline nasurement]
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Healthy Participants [Thoracic Segment, measuremerdt 30" minute]
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