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Abstract

A critical component in the clinical assessment of spinal and trunk disorders is the
analysis of posture. Currently the gold-standard is restricted by repeated radiation
exposure and whilst alternative surface methods are available, these are limited to
detection of spinal shape only. To date, no surface method has been extended to also
quantify trunk shape. In order to address this, the aims of this research were 1) develop
a method for measuring spinal and trunk shape using an electromagnetic system, 2)
determine the validity and reliability of this method and 3) explore the optimal data

processing for this method.

Using a repeated measures design, data were collected on phantom models of
different shapes using an electromagnetic system. This provided the three-

dimensional co-ordinates from which spine and trunk angles were derived.

The 6" order polynomial fit was deemed optimal for spinal shape measurements with
an electromagnetic system. These measurements were highly reliable (ICC = >0.999),
highly repeatable (MDC = <0.018°, SEM = <0.007°) and shown to be valid compared
to a flexicurve method. The Lowess function was recommended for trunk shape
measurements as it yielded good-to-excellent repeatability (ICC = 0.809-0.999), high
absolute reliability (MDC = 0.18-4.0°, SEM = 0.06-0.07°) and angles derived were valid
compared to a flexicurve method.

This study addressed a clinical need by developing a novel method for measuring
trunk shape in addition to spinal shape using a surface method which was shown to
be valid and reliable. Exploration of the method’s optimal data processing techniques
found the 6" order polynomial fit and Lowess function to be best for spinal shape and
trunk shape measurements respectively. Additionally, whilst it is recommended that
tangent lengths should not be used interchangeably, the tangent length chosen should
not significantly affect measurements if used consistently. Meanwhile, the method’s
non-invasive, non-ionising and low-cost features make it clinically attractive.
Therefore, this research holds future prospects for the examination and monitoring of
disease and treatment outcomes as well as, the understanding of many disorders,
such as scoliosis. Although further research is warranted, this method has the potential

for use in routine clinical practice.
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Chapter 1. Review of related literature

This chapter reviews current literature relating to the assessment of spinal segmental
range of motion (ROM) and spinal shape in-vivo. This section highlights gaps in
current knowledge and provided the background to development of this study’s
research question. The definition of segmental ROM used in this thesis refers to the
motion of one spinal motion segment (i.e. vertebral body, vertebral endplate, vertebral
disc, apophyseal joints, transverse processes, spinous processes and neural arch) on
an adjacent spinal motion segment (e.g. L4/5). A systematic review of the literature
investigating four non-invasive imaging modalities commonly used for clinical
assessment of segmental ROM in the lumbar spine is presented first. The essence of
this review aims to provide insight into, and future direction for, the methodology and
tools required for exploration of long held segmental spinal ROM notions and also, a
step change in the use of imaging for spinal pathologies. The reliability of video
fluoroscopy, ultrasound imaging, magnetic resonance imaging and radiography is
discussed with their advantages and disadvantages outlined, including their
limitations. Following this, a change in the direction of this project’s research question
is explained. This chapter then continues with a scoping review of the literature
exploring reliability of surface curvature measurements of the thoracolumbar spine.
This review provides a description and critique of each measurement method before
reliability results from previous research is discussed. Lastly, a summary of this
section, recommendations for future work and the justification for this projects

research question concludes this chapter.



1.1 The reliability of video fluoroscopy, ultrasound imaging, magnetic

resonance imaging and radiography for measurements of segmental range of

motion in the lumbar spine in-vivo: A systematic review

1.1.1 Introduction

Lower back pain (LBP) is the principal cause of disability worldwide and the sixth
leading contributor to overall disease burden (Buchbinder et al. 2013). LBP affects
approximately 540 million people globally at any one time (Global Burden of Disease
and Injury Incidence and Prevalence Collaborators 2017). International studies have
reported LBP point prevalence rates between 12 and 35% and lifetime prevalence
rates ranging from 49 to 80% (Maniadakis and Gray 2000). As a result, LBP is one of
the most common reasons for an individual to seek medical attention (Ramdas and
Jella 2018). In the United Kingdom alone, the estimated direct cost of healthcare for

LBP exceeds £1 billion per year (Maetzel and Li 2002).

Despite this substantial economic burden, the pathophysiology of LBP is poorly
understood (Murray et al. 2012). However, evidence suggests individuals commonly
display differences in movement behaviour (Reeves et al. 2008; Hodges et al. 2009;
Karayannis et al. 2013), some of which are believed to reflect changes in segmental
spinal motion (Kulig et al. 2007; Golightly et al. 2016). One example would be
spondylolisthesis, where structural change is associated with potentially excessive
segmental motion. Spondylolisthesis has a prevalence of 11.5% in the general
population (Kalichman et al. 2009) but this rises significantly in sporting populations
such as gymnastics and cricket fast bowling with reported prevalence’s of 15% and
25% respectively (Hellstrom et al. 1990; Elliot et al. 1992). In addition, alterations to
segmental motion are clearly the target for some treatments, with rates of spinal fusion
more than doubling between 2004 and 2015 (Martin et al. 2019).

Therapeutic models of LBP assessment and treatment across a range of professions
are firmly embedded in this notion of change in segmental ROM. In addition,
segmental ROM assessment is also critical for enhancing the understanding of
existing spinal diseases, aiding spinal diagnoses and evaluating contemporary
treatment or surgical intervention. For these reasons, the measurement of lumbar

spinal ROM is clinically important (Trudelle-Jackson et al. 2010) yet the ability to

2



measure an individual’s segmental ROM non-invasively remains a challenge (Fritz et
al. 1998).

Kinematics of the lumbar spine have been studied using a range of techniques
including implantable bone pins (Gercek et al. 2008; Rozumalski et al. 2008) and
implanted ball bearings (Park et al. 2012). However, these methods are usually the
basis of research investigation and due to the invasive nature of these methods, they
are unlikely to become routine clinical practice. Non-invasive methods including
radiography (Dombrowski et al. 2018), video fluoroscopy (Okawa et al. 1998;
Takayanagi et al. 2001), magnetic resonance imaging (McGregor et al. 2002; Huang
et al. 2009) and ultrasound (Chleboun et al. 2012) are alternate methods reported in
the literature which are available in current clinical practice. However, to date, no
contemporary synthesis of the literature exploring these non-invasive methods to
assess segmental ROM has been completed. Understanding these current methods
will provide insight into, and future direction for, the tools required for exploration of
long held segmental ROM notions and a step change in the use of imaging for spinal

pathologies.

The purpose of this study was to review the reliability of four current non-invasive
modalities (Video Fluoroscopy (VF), Ultrasound (US) imaging, Magnetic Resonance
Imaging (MRI) and Radiography) used for measuring segmental ROM in the lumbar

spine in-vivo, through systematic examination of the literature.

1.1.2 Materials and Methods

1.1.2.1 Search Strategy

In January 2021, a systematic literature search of electronic databases including:
CINAHL complete, Academic Search Ultimate, MEDLINE Complete, ScienceDirect,
Complementary Index, PsycINFO and Supplemental Index was conducted using key
terms and Boolean logic for each modality, as listed in Table 1. Each search was
limited to peer-reviewed articles, published in the English language. Table 1 shows

the number of articles yielded for each modality after exact duplicates were removed.



Articles were initially screened by title, abstract, and where necessary full text, against

inclusion and exclusion criteria (as listed in Table 2) by the author; with any uncertainty

resolved by consensus with a supervisor (JW). All studies deemed appropriate for this

review were also checked and confirmed by an additional author (JW). A detailed flow

chart of the search can be seen in Figure 1.

Table 1. Search strateqy

Search Strategy

Number of results
(with duplicates

removed)

Fluoroscopy

AND spine

AND motion

AND reliability OR validity OR consistency OR repeatability
NOT cervical OR thoracic

41

Ultrasound OR ultrasonography OR US OR USS OR ultrasound
imaging

AND lumbar

AND reliability OR validity OR consistency OR repeatability

NOT scoliosis OR musc* OR cervical OR thoracic

157

Magnetic resonance imaging OR MRI OR MRI scan
AND lumbar spine
AND motion OR kinematics

AND reliability OR validity OR consistency OR repeatability

32

Xray OR radiology OR radiograph*

AND reliability OR validity OR consistency OR repeatability
AND lumbar

AND motion OR kinematics

NOT videofluoroscopy OR fluoroscopy OR scoliosis

200

Total

430

(* (asterisk), truncation).

1.1.2.2 Inclusion and exclusion criteria

Studies needed to investigate segmental ROM of the lumbar spine in-vivo (human

participants) using VF, US, MRI or Radiography. Consideration of the modality’s

4



psychometric properties was also required by the articles. See Table 2 for detailed

inclusion and exclusion criteria and Table 3 for reasons for article rejection.

c Records identified through
o .
% database searching
) (n=683)
=
1=
(O] v .
i®] Duplicates
Records after exact duplicates
— (n = 253)
removed (n = 430)
—
g v Records
'GE) Records screened by title > D
o (n = 430) (n=338)
Q
? '
— Records
Records screened by abstract
. (n=92) excluded
(n=52)
B l
2 Full-text articles
=) Full-text articles accessed for
w > excluded
ligibilit =40
eligibility (n ) (n = 23)
© v
O
S Studies included
2 (n=17)
Figure 1. PRISMA flow diagram of search (n, number; =, equals)




Table 2. Inclusion and exclusion criteria

Inclusion Criteria

Exclusion criteria

Human participants

Measuring segmental or intersegmental
ROM defined as angular rotation of one
vertebral body on another (or a
representation of this)

Measurements at the lumbar spine
Measuring ROM with VF, US, MRI or
radiography

Investigating reliability or validity

Animal studies/ studying in-vitro
Articles solely investigating linear
translation of a vertebrae

Measuring ROM in only cervical and/ or
thoracic spine

Not using modality for imaging

Studies published after January 2021
Non-objective psychometric outcome
Studies published not in the English

language

(ROM, range of motion; VF, video fluoroscopy; US, ultrasound; MRI, magnetic resonance imaging).

Table 3. Reason for article rejection after accessing full-text citation

Reason for full-text citation rejection No. of citations in this category
Not examining modality’s psychometric properties 7
Examination in-vitro 4
Examination of an animal spine 1
Not VF/ US imaging/ MRI/ radiography 2
No reliability statistics included 2
Not assessing kinematics, motion or ROM 1
Measuring only linear translation 4
A report 1
Comparing a method against modality 1
Total no. of citations rejected 23

(No., number of; ROM, range of motion; VF, video fluoroscopy; US, ultrasound; MRI, magnetic

resonance imaging).




1.1.2.3 Quality assessment

Critical appraisal of the methodological quality of each article was completed by the
author using an assessment tool for observational cohort and cross-sectional studies,
taken from the National Heart, Lung and Blood Institute (NHLBI) (2019). The appraisal
criteria consisted of 14 questions concerning study population and sample size,
exposure measures and assessment as well as, statistical analyses. These could be
answered yes, no, cannot determine, not applicable or not reported. Then, an overall
guality rating was given based on these answers. The results can be seen in Table 4.
This tool was used because its design draws focus to the key concepts of a study

facilitating evaluation of its internal validity (NHLBI 2019).



Table 4. Quality assessment
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(Y, yes; N, no; CD, cannot determine; NA, not applicable; NR, not reported; overall, overall quality rating)



Table 5. Data Extraction

Author Modality Participant characteristics Psychometric | Vertebral Measurement Methods
outcome(s) level(s)
assessed
Haas et al. Radiography | 58 participants Kappa L1-L5 Investigated tilt into side bending and
(1990) Mean age 28 SEM rotation in standing and lateral bending
Students from Western States positions.
Chiropractic College
Asymptomatic
Maigne et al. | Radiography | 74 participants with Chronic LBP | Mean difference | L1-L5 Investigated angle change between
(2003) 42 had pain immediately on LoA adjacent vertebral endplates of lateral
sitting down and relieved on flexion-extension radiographs in standing
standing up from sitting (mean and sitting positions.
age 54.9, 6 males, 36 females)
32 age and gender matched
participants who did not have
symptom described above (mean
age 57.5, 4 males, 28 females)
Breen et al. VF 30 male participants RMSE L3-L5 Investigated non weight bearing side
(2006) Aged 18-40 flexion, flexion and extension.
Asymptomatic One movement trial for each individual.
4 subjects assessed Manual identification of first frame then
automated analysis using vertebral
corners as reference points.
Cakir et al. Radiography | 24 participants. PCC L4-S1 Investigated flexion-extension radiographs
(2006a) 10 males, 14 females in standing.
All with monosegmental Three examiners, two took measurements
degenerative disc disease between-day.
Mean age 40.2




Cakir et al. Radiography | 24 participants. PCC L4-S1 Investigated flexion-extension radiographs
(2006b) 10 males, 14 females following a in standing.
monosegmental total disc Follow up study.
replacement at L4-5 or L5-S1 Three examiners, two took measurements
Mean age 40.2 between-day.
Landel etal. | MRI 29 participants ICC L1-L5 Investigated P-A force in non-weight
(2008) 13 Males, 16 Females SEM bearing.
Aged 18-45 Segmental mobility quantified by
Diagnosis of non-specific LBP measuring the change in the intervertebral
Recent onset of centralised LBP angle between the resting position and the
end range of the P-A force application.
Pearson et Radiography | 30 participants with ICC L1-S1 Investigated intervertebral rotation of
al. (2011) spondylolisthesis at L4-5 SEM flexion-extension radiographs.
37% males, 63% females Measurements made with a digitised
Randomly selected from the manual technique by three raters and by a
spine patient outcomes research guantitative motion analysis software by
trial three different raters.
Mean age 66
Sui et al. VF 12 participants ICC L1-S1 Investigated seated flexion and extension.
(2011) 10 healthy, 2 lumbar Automated tracking after manual marking
spondylolisthesis of four vertebral corners.
8 Males, 4 Females
Aged 19-38
Chleboun et | MRI 6 participants ICC L1-L5 Investigated supine flexion and extension
al. (2012) us 2 Males, 4 Females CoV postures.

Aged 22-35
Asymptomatic

MRI — distance between inferior edge of
caudal and cranial spinous processes
measured.
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US - distance between the peak of the
curvature of caudal and cranial spinous
processes measured.

Manual/visual method used digitally.

Mellor et al. VF 80 participants ICC L2-L5 Investigated lying flexion and extension.
(20144a) 44 Males, 36 Females SEM Sequences processed using automatic
Aged 21-50 tracking algorithms after manual template
40 with Chronic non-specific LBP application to first image.
40 asymptomatic volunteers Landmark used was vertebral body
Convenience sample corners.
Yeageretal. | VF 61 participants ICC L1-S1 Investigated flexion and extension in
(2014) 52% Male, 48% Female SEM upright and lying positions.
Aged 31-62 Intervertebral rotation and intervertebral
34 Asymptomatic translation measured using automated
14 preoperative (with confirmed vertebral motion analysis tracking
pathology) algorithms as well as a manual technique.
13 post operative (with a previous
lumbar procedure)
Cuesta- us 15 male participants ICC L4-L5 Investigated flexion in upright position.
Vargas Convenience sample SEM 10 reps forward bending and neutral.
(2015) Asymptomatic MDC Manual/visual identification of spinous
process then semi-automated orientation
estimation.
Tozawa et al. | US 10 participants ICC L2-L3 Investigated prone, prone on elbows and
(2015) Healthy Males MDC kneeling with flexed spine postures.

Aged 20-23

Measured distance between caudal end of
L2 spinous process to cranial end of L3
spinous process and from top of L2
spinous process to top of L3 spinous
process.
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Manual/ visual identification of landmarks.

du Rose and | VF 18 male participants ICC L2-S1 Investigated flexion and extension in
Breen (2016) Mean age 27.6 SEM upright position.

No history of LBP Sequences processed using automatic
tracking algorithms after manual template
application to first image.

Tozawa et al. | US 10 male participants ICC L1-L2 Investigated prone, prone on elbows and
(2016) Aged 20-23 MDC kneeling with Lx fully flexed postures.
No history of orthopaedic disease Manual/ visual identification of spinous
or dysfunctions process.
Measured distance between caudal end of
L1 and cranial end of L2 spinous
processes.
Breen et al. VF 109 participants ICC L2-S1 Investigated flexion, extension, left side
(2018) 66 Males, 43 Females MDC flexion and right side flexion in recumbent

Aged 21-80 and standing positions.

Healthy volunteers Single motion sequences.

Convenience sample Manual first image registration then frame-
to-frame automatic tracking.

Mahato etal. | MRI 10 participants ICC L2-L4 Investigated side flexion in weight-bearing
(2019) Aged 18-60 CoV upright position.
Volunteers Measured changes in intervertebral axes

Asymptomatic

positions using cranial to caudal vertebrae
measurement and displacements in
individual vertebrae within a calibrated
imaging space.

(SEM, standard error of measurement; L, lumbar; LoA, limits of agreement; VF, video fluoroscopy; RMSE, root mean square error; PCC, pearsons correlation
coefficient; MRI, magnetic resonance imaging; LBP, lower back pain; ICC, intra-class correlation co-efficient; P-A, posterior-anterior; %, percent; US, ultrasound;
CoV, coefficient of variation; MDC, minimal detectable change; Lx, Lumbar spine).
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1.1.3 Results

A total of 17 studies were eligible for this review (Haas et al. 1990; Maigne et al. 2003;
Breen et al. 2006; Cakir et al. 2006a; Cakir et al. 2006b; Landel et al. 2008; Pearson
et al. 2011; Sui et al. 2011; Chleboun et al. 2012; Mellor et al. 2014a; Yeager et al.
2014; Cuesta-Vargas 2015; Tozawa et al. 2015; du Rose and Breen 2016; Tozawa et
al. 2016; Breen et al. 2018; Mahato et al. 2019). Table 5 summarises the data
extracted and Table 6 summarises the findings.

Six studies used VF to measure ROM (Breen et al. 2006; Sui et al. 2011; Mellor et al.
2014a; Yeager et al. 2014; du Rose and Breen 2016; Breen et al. 2018), five used
radiography (Haas et al. 1990; Maigne et al. 2003; Cakir et al. 2006a; Cakir et al.
2006b; Pearson et al. 2011), four articles used US imaging (Chleboun et al. 2012;
Cuesta-Vargas 2015; Tozawa et al. 2015; Tozawa et al. 2016), and two citations
investigated MRI (Landel et al. 2008; Mahato et al. 2019). However, Chleboun et al.
(2012) also included MRI results as a gold standard comparator for US.

Overall, 600 participants were included in this review; of which at least 289 were male
and 243 were female. Two studies (Haas et al. 1990; Mahato et al. 2019) did not report
the breakdown of male to female participants. 250 participants were symptomatic

whilst 350 were classed as healthy or asymptomatic.

Most studies involved only healthy participants (Haas et al. 1990; Breen et al. 2006;
Chleboun et al. 2012; Cuesta-Vargas 2015; Tozawa et al. 2015; du Rose and Breen
2016; Tozawa et al. 2016; Breen et al. 2018), whereas some had a mixture of
symptomatic and asymptomatic individuals (Sui et al. 2011; Mellor et al. 2014a;
Yeager et al. 2014; Mahato et al. 2019) and others studied specific populations
(Maigne et al. 2003; Cakir et al. 2006a; Cakir et al. 2006b; Landel et al. 2008; Pearson
et al. 2011). These included participants with LBP (Maigne et al. 2003; Landel et al.
2008), spondylolisthesis (Pearson et al. 2011), monosegmental degenerative disc
disease (Cakir et al. 2006a) and monosegmental total disc replacement (Cakir et al.
2006D).

Articles measured segmental ROM during flexion and/ or extension (Maigne et al.
2003; Cakir et al. 2006a; Cakir et al. 2006b; Landel et al. 2008; Pearson et al. 2011;
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Sui et al. 2011; Chleboun et al. 2012; Mellor et al. 2014a; Yeager et al. 2014; Cuesta-
Vargas 2015; du Rose and Breen 2016). Others investigated flexion, extension and
side flexion (Breen et al. 2006; Breen et al. 2018), two studies (Tozawa et al. 2015;
Tozawa et al. 2016) quantified motion of the lumbar spine from three static positions;
whilst one study looked at neutral positioning and lateral bending motion (Haas et al.
1990).

The psychometric properties of each modality analysed varied between reliability
(Haas et al. 1990; Maigne et al. 2003; Cakir et al. 2006a; Cakir et al. 2006b; Breen et
al. 2006; Pearson et al. 2011; Sui et al. 2011; Chleboun et al. 2012; Mellor et al. 2014a;
Yeager et al. 2014; du Rose and Breen 2016; Tozawa et al. 2016; Breen et al. 2018;
Mahato et al. 2019) or a combination of reliability and validity (Landel et al. 2008;
Cuesta-Vargas 2015; Tozawa et al. 2015). All but five studies (Haas et al. 1990;
Maigne et al. 2003; Breen et al. 2006; Cakir et al. 2006a; Cakir et al. 2006b) used
intra-class correlation coefficient (ICC) as a metric of reliability. Additional outcomes
studied amongst the articles were standard error of measurement (SEM) (Haas et al.
1990; Landel et al. 2008; Pearson et al. 2011; Mellor et al. 2014a; Yeager et al. 2014;
Cuesta-Vargas 2015; du Rose and Breen 2016), coefficient of variation (CoV)
(Chleboun et al. 2012; Mahato et al. 2019), pearson correlation coefficient (PCC)
(Cakir et al. 2006a; Cakir et al. 2006b), kappa (Haas et al. 1990), root mean square
error (RMSE) (Breen et al. 2006) and minimal detectable change (MDC) (Cuesta-
Vargas 2015; Tozawa et al. 2015; Tozawa et al. 2016; Breen et al. 2018).

All studies had an overall quality rating of fair or good based on the 14-point appraisal
checklist (NHLBI 2019) but demonstrated similar methodological flaws and thus,

shared common threats to validity.

1.1.3.1 Methodological Analysis

Only three studies (Mellor et al. 2014a; du Rose and Breen 2016; Cuesta-Vargas
2015) justified their sample size or provided a description of study power. This
methodological element is important to ensure an adequate number of participants are
studied to yield valid estimates of reliability. As sample size varies considerably across
the studies, it is likely that the power also varies significantly and this should be

considered when extrapolating the findings.
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All studies, excluding five (Cakir et al. 2006a; Cakir et al. 2006b; du Rose and Breen
2016; Breen et al. 2018; Mahato et al. 2019) took ROM measurements from images
at only one stage during the study period, thus exploring within-day repeated
measures reliability. Whilst this is likely to result in more consistent movement
patterns; conclusions regarding reliability of between-day repeated movements are

not possible.

Additionally, aside from two studies (Mellor et al. 2014a; Breen et al. 2018), key
potential confounding variables were not reported. Confounding factors are
characteristics which may influence the dependant variable and thus, alter the findings
of a study. For example, US imaging can be more difficult in individuals with a high
body mass index (BMI) (Modica et al. 2011) and likewise, this category of participants
may require a stronger radiation dose for VF (Cushman et al. 2016) and radiographs
(Metaxas et al. 2019). Similarly, the quality of MRI images can be affected by
permanent cosmetics, including tattoos (Durbridge 2011). In the absence of the
consideration of confounding factors, it is difficult to determine if their presence or

absence affected the results.

1.1.3.2 Reliability

1.1.3.2.1 Video Fluoroscopy

1.1.3.2.1.1 Segmental ROM values

Segmental ROM of flexion across the studies were similar, ranging from 4.05 to 7.10
degrees (°) for lying (Mellor et al. 2014a; Yeager et al. 2014, Breen et al. 2018) and 9°
to 14° for standing (Breen et al. 2018). Extension has been less frequently studied with
segmental ROM values of 4.11° to 5.31° (Mellor et al. 2014a), 2.00° (Yeager et al.
2014), 5.33° for lying and 2.01° in standing (Breen et al. 2018). Landel et al. (2008)
and Sui et al. (2011) did not report individual segmental ROM values.

1.1.3.2.1.2 Intra-rater reliability of segmental ROM measurement

In VF, automated tracking algorithms are commonplace; where bony boundaries are
automatically tracked by a computer from which ROM calculations are made (Breen

et al. 2012). In most cases, an operator is required to manually mark the first image,
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or few images, from which the tracking algorithm commences (Davis et al. 2015). This
manual identification is known to be an important source of error both between
individuals and within individuals (Plocharski et al. 2018). To this end, a body of work
has concentrated on quantifying the variability this manual marking of images affords
(Breen et al. 2006; Plocharski et al. 2018; Breen et al. 2012). The methodology
involves participants completing one movement in the fluoroscope, from which multiple
mark ups and analysis are completed. This is either repeated by the same individual

or between individuals.

Using a mixture of individuals with pathology and those asymptomatic, Yeager et al.
(2014) demonstrated excellent reliability (ICC 0.98, CI95% 0.98-0.99, SEM 0.10°,
SEM% = 2% for flexion, 5% for extension) for the same investigator repeatedly
marking-up and processing the same VF sequences. These included sagittal plane
motions only and were a mixture of upright and recumbent movements. Similar
findings were reported by Mellor et al. (2014a) for lying motion, where excellent
reliability was established for sagittal plane motions (ICC 0.92-1.0, CI95% 0.72-1.0,
SEM 0.10° to 0.35°, SEM% = 3% flexion, 8% extension). In addition, similar findings
have been reported for recumbent side bending movements where ICCs ranged from
0.99-1.0, CI95% 0.95-1.0, SEM 0.08° to 0.17°, SEM% = 3% lateral bending (Mellor et
al. 2014a).

These results demonstrate that if the same individual marks up and processes the
images; VF can be used to reliably measure lumbar sagittal ROM in recumbent and

upright as well as, recumbent side-bending with a small SEM.

1.1.3.2.1.3 Inter-rater reliability of segmental ROM measurement

Investigation of the inter-rater reliability of processing the same images show sagittal
ICC values remain good-to-excellent but are slightly lower for extension (ICC 0.74-
0.99, CI195% 0.23-0.99) (Mellor et al. 2014a), Yeager et al. (2014) (ICC 0.96, CI95%
0.95-0.97). It should be noted that the confidence interval for extension was large; with
lower estimates suggesting poor reliability. In addition, the SEM values were also
higher at 0.22° (or 5% flexion and 11% for extension) (Yeager et al. 2014), and 0.17°
to 0.31° for flexion (or 7%) and 0.27° to 0.77° for extension (or 19%) (Mellor et al.

2014a). It is not clear why Yeager et al. (2014) have much lower SEMs compared with
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Mellor et al. (2014a) but it is apparent that Mellor et al. (2014a) contained outliers for
extension which could have affected results. Furthermore, the presented percentage
SEM of 19%, reported at L2/3 by Mellor et al. (2014a), is the largest expected. It is
possible that this was at the upper edge of their fluoroscope and therefore, was
affected by image quality. Comparatively, Yeager et al. (2014) investigated L1/2 as
their upper segment; suggesting a wider field of view. To this end, the L4/5 segment
assessed by Mellor et al. (2014a) affords much better reliability for extension
measurement (ICC 0.99, CI95% 0.96-1.0, SEM 0.27°, SEM% = 5%).

Altogether, these results indicate that larger variation is seen when different individuals
process the same VF motion sequences, even though automated algorithms are used.
Nevertheless, the ICCs remain good-to-excellent. Furthermore, although some larger

errors are noted for extension; errors were small, especially for flexion.

1.1.3.2.1.4 Repeated Movements

The measurement of repeated movements is not common in VF research, presumably
due to repeated participant exposure to radiation. However, establishing this enables
more than just the error in marking up of VF images to be explored. Humans have a
natural variance in movement (Stergiou and Decker 2011, Kriger et al. 2017), and this
variance needs quantifying prior to any methods being employed for repeated
measures in clinical studies. To date, only one study has investigated this. Breen et
al. (2006) conducted a baseline measurement and follow-up measurement
approximately 30 minutes later. Unfortunately, due to some technical issues, repeated
measures reliability was only reported for side bending; with root mean square (RMS)
errors of 2.75° to 2.91° (Breen et al. 2006). Raw data ranges were not reported but
using those from Mellor et al. (2014a), who had a similar methodology; this represents

around 52% error.

As aresult, even with the same individual marking up images, this suggests that errors

are quite large when exploring repeated measurements with VF.

1.1.3.2.1.5 Between-day measures
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To explore between-day reliability some studies have taken a VF sequence,
processed it and then reprocessed it sometime later to explore between-day intra-rater
reliability (du Rose and Breen 2016). Excellent reliability for all vertebral levels was
established with SEM values between 0.23° and 0.54° (du Rose and Breen 2016).
However, this just represents errors associated with processing, rather than the

additional biological variation of repeated movements.

This variation has been recently studied in 55 participants and over 200 motion
segments, both in lying and standing, without pain or known pathology (Breen et al.
2018). ICC values suggest excellent reliability (0.80 for lying flexion and extension,
0.82-0.91 for standing flexion and extension) and small confidence intervals (lowest
ICC ninety five percent confidence interval (95%CI) = 0.74) (Breen et al. 2018). Rather
than reporting SEM, the authors chose to present the MDC at the 95% confidence
level (MDC95). The MDC95 values are high suggesting significant variance in the
repeated measurements. For example, the MDC95 value for flexion in lying was 4.66°
(Breen et al. 2018). This means that with 95% confidence, a change greater than 4.66°
represents true change beyond normal variation expected with repeated testing. The
total range measured was 5.14° (Breen et al. 2018) thus, a change of 4.66° on 5.14°
indicates 91% change is needed before there is confidence that this represents real
change. As percentages, the magnitude of MDC95 was 91% for flexion in lying, 97%
for extension in lying, 100% for flexion in standing and 176% for extension in standing
(Breen et al. 2018). Therefore, a change from 9.1° average flexion in standing to over
18° would be required to provide 95% confidence that is was true change beyond
natural variation. Previous studies would suggest this may not be physiologically
possible or at least, puts the segmental ROM in the top 2% of normal (Mellor et al.
2014a). Similar findings were observed for side bending with good ICC values but high
MDCO95 values (60-69% lying, 97-98% standing) (Breen et al. 2018).

In summary, it is clear that within-day reliability of marking up and processing VF
sequences is excellent for both intra- and inter-rater. However, the intra-rater reliability
of measuring repeated movements within-day demonstrates larger errors, and these
are even greater when investigating between-day reliability. Therefore, if using VF to

investigate interventional changes across days, large change in segmental ROM are
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needed to be sure these are greater than natural variability. This suggests low

sensitivity to change of measuring repeated movements with VF.

1.1.3.2.2 Ultrasound

1.1.3.2.2.1 Segmental ROM values

In order to quantify segmental ROM using US, many studies (Chleboun et al. 2012;
Tozawa et al. 2015; Tozawa et al. 2016) opted to visualize and then measure the linear
distance between two adjacent spinous processes. Therefore, reporting of segmental
ROM was commonly as a linear distance measurement in the units of millimetres
(mm). Three studies investigated a ‘neutral’, flexed and extended position in either
prone (Tozawa et al. 2015; Tozawa et al. 2016) or supine (Chleboun et al. 2012); whilst
the other study investigated ‘neutral’ in standing and forward bending motion (Cuesta-
Vargas 2015).

Values for spinous process separation in flexion ranged from 25.6mm to 32.3mm
(Chleboun et al. 2012) and 29.2mm to 30.1mm (Tozawa et al. 2015). Distance
measures for extension ranged from 21.5mm to 26.9mm (Chleboun et al. 2012) and
were reported only in this study. Actual flexion ROM, taken from neutral, ranged from
3.0mm to 4.4mm and were only reported in one study (Chleboun et al. 2012).
Segmental ROM was reported in degrees for Cuesta-Vargas (2015) using an image

rotation method; yielding values of 15.4° to 16.3° for segmental ROM during flexion.

1.1.3.2.2.2 Intra-rater reliability of segmental ROM measurement

Intra-rater reliability estimates were reported as excellent by Chleboun et al. (2012)
(ICC 0.94, CI95% 0.85-0.97), Tozawa et al. (2016) (ICC CI95% 0.963-0.999) and
good-to-excellent (ICC CI95% 0.79-1.0, or with one examiner removed CI95% = 0.92-
1.0) by Tozawa et al. (2015). Small coefficient of variances have been reported (1.8%)
(Chleboun et al. 2012), along with moderate MDC95 values of 0.29mm (around 10%)
(Tozawa et al. 2015). However, these could be as large as 1.8mm (around 60%)

(Tozawa et al. 2016) based on segmental ROM of 3.0mm.

Both Tozawa et al. (2015) and Chleboun et al. (2012) positioned the participant in one

position and collected all three measurements in that same position prior to then
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moving onto the new position, henceforth eliminating the biological variation of
repeated movement measurements. Nevertheless, this method doesn’t replicate the
type of method required to determine the repeated measures reliability that is more
normal in biomechanical studies. This includes the biological variation of the human

completing repeated movements.

1.1.3.2.2.3 Inter-rater reliability of segmental ROM measurement

Inter-rater reliability was explored in two studies (Tozawa et al. 2015; Tozawa et al.
2016) with good-to-excellent reliability reported by Tozawa et al. (2015) depending on
the measurement method (ICC 0.914, CI95% 0.80-0.97; ICC 0.725, CI95% 0.55-0.87)
and excellent reliability seen in their follow up study (ICC 0.969, CI95% 0.90-1.00)
(Tozawa et al. 2016).

1.1.3.2.2.4 Repeated movements

Only one study investigated repeated movements (flexion) measured with US
(Cuesta-Vargas 2015). Excellent estimates of reliability were reported for both within-
day (Cl195% = 0.995-0.999) and between-day (Cl195% = 0.996-0.999) (Cuesta-Vargas
2015). Moreover, MDC95 estimates were made from the SEM reported in the article
(SEM = 0.54°, MDC95 = 1.5° or 10%) (Cuesta-Vargas 2015), indicating change

greater than 10% would represent true change.

Overall, these US results show that if the same individual captures repeated images
without altering the participant’s position; excellent intra-rater reliability should be
expected. This expectation is further extended to between individuals. In addition,
MDC95 values could be up to 60%, but these have not been established for between
individuals. Consequently, this is an important consideration when designing test-
retest studies. The values of MDC95 provide estimates as to the sensitivity of change,
which is important when designing future experiments. Lastly, repeated movements
have been less well investigated but estimates from a single study show promising

reliability within- and between-day.

1.1.3.2.3 MRI

1.1.3.2.3.1 Segmental ROM values
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The studies included in this review focussing on MRI often had primary aims not
aligned to proving the utility of MRI for segmental ROM testing. Some used it as a gold
standard comparator (Chleboun et al. 2012), others for validity of manual therapy
(Landel et al. 2008). Only Mahato et al. (2019) focused on segmental ROM.

The distance between spinous processes were reported as a surrogate of flexion and
extension with values ranging from 24.6mm to 35.6mm for flexion, 19.9mm to 29.4mm
for extension and segmental ROM estimates, from neutral of 1.8 to 4.9mm for flexion
and 0.9 to 4.3mm for extension (Chleboun et al. 2012). Actual segmental ROM values
for right side bending were reported between 8.5° and 17.3° depending on the

segment (Mahato et al. 2019).

1.1.3.2.3.2 Reliability

Regarding reliability, a synthesis of the studies is difficult due to a large degree of

heterogeneity evident in the methodology.

Chleboun et al. (2012) utilised supine positioning with wedge placement to induce
extension and flexion and three measures were taken without moving from each
position. This method is unlikely to achieve full ROM and it also removes all biological
variation due to repeated movement. As a result, reliability estimates were excellent
(ICC = 0.98, CI95% = 0.95-0.99; CoV = 1.6%) (Chleboun et al. 2015). Landel et al.
(2008) completed a prone MRI during manual palpation and ‘accessory spinal mobility
assessment’. They quantified the curvature change during ‘posterio-anterior’ pressure.
However, they did not report any actual values of curvature. Reliability estimates for
intervertebral curvature in prone for five participants across two visits were excellent
(ICC 0.95-0.99; SEM 0.40° to 0.66°) (Landel et al. 2008). Mahato et al. (2019)
completed MRI during right side bending between days. ICC estimates for between-
day reliability of segmental ROM (side bending) were excellent 0.93-0.94 and CoV
values at 14-15% (Mabhato et al. 2019).

In summary, regardless of the methods employed, it appears that MRI for segmental
ROM measurements is highly reliable in both the sagittal and frontal plane for end of

range static positions. Despite this, the CoV seems to depend on the movement being

21



measured and the method of analysis. Similarly, the effect of different assessors and

of true repeated movements is not clear.

1.1.3.2.4 Radiography

1.1.3.2.4.1 Segmental ROM values

Since the aim of this review was to investigate reliability, the search of radiography
papers was limited to those investigating this psychometric outcome. As a result, the
citations included in this review are not inclusive of the exhaustive list of radiography
studies that report segmental ROM values. Readers interested in this area are directed

to papers such as Yukawa et al. (2019) and Galbusera et al. (2021).

Measurements of lumbar segmental ROM from radiographs varied between the
included studies. Three studies reported at least one plane of lumbar segmental
rotation including side bending and rotation (Hass et al. 1990) and flexion-extension
(Maigne et al. 2003; Pearson et al. 2011). Individual segmental ROM values were not
reported in three studies (Haas et al. 1990; Cakir et al. 2006a; Cakir et al. 2006Db).

Using similar conceptual methods, segmental ROM was quantified from flexion-
extension radiographs in two studies by reporting the angle change between adjacent
vertebral endplates (Maigne et al. 2003; Pearson et al. 2011). Pearson et al. (2011)
found an average change in intervertebral rotation of 5.1° and 5.7° for the digitised
manual technique (DMT) and computer-assisted quantitative motion analysis (QMA)
method respectively. However, it is not known whether these results are in relation to
weight bearing or recumbent postures as they did not detail the positioning of

participants during imaging.

Maigne et al. (2003) also reported segmental ROM values but in sitting and standing
positions of participants with chronic LBP. Some had pain that occurred immediately
on sitting down which was relieved on standing up (patient group) and participants
who did not have these symptoms were matched to the patient group based on age
and gender (control group) (Maigne et al. 2003). Angular motion (AM) for positional
change from extension to flexion was 13.9° + 4.5° (patient group) and 7.5° + 4.3°

(control group) (Maigne et al. 2003). Similar values were seen for positional change
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from extension to sitting (AM = 10.0° * 4.5° (patient group); 6.2° + 4.0° (control group))
(Maigne et al. 2003). It is not immediately clear why such large ROM was observed in
the patient group. However, the influence of LBP on the motion in this group could
offer explanation as well as, the sample being largely female and the method’s specific

focus on achieving maximal ROM.

1.1.3.2.4.2 Intra-rater reliability of segmental ROM measurement

In radiography research, reliability analysis usually involves one or several raters
measuring segmental ROM from the same radiographs on one or multiple occasions.
However, due to variability in methodology and presented reliability statistics,

synthesis of the studies included is difficult.

Using two raters and two measurement methods, Cakir et al. (2006a) and Cakir et al.
(2006b) investigated the intra-rater reliability of measurements from standing flexion-
extension radiographs, with measurements taken from the same images on two
separate occasions. Intra-rater reliability estimates for segmental ROM were reported
as strong for measurements made by the same rater using the same method (PCC =
0.782-0.916) with small mean differences between the two measurements (-0.17° to
0.04°) (Cakir et al. 2006a). However, the 95% confidence intervals for these
differences ranged from +4.0° to £6.8°) (Cakir et al. 2006a) suggesting that despite a

small mean, there was a large range of differences between two measurements.

Similar outcomes were observed for their follow up study where the method was
adapted to measure the intervertebral segment which had received a total disc
replacement (Cakir et al. 2006b). Strong intra-rater reliability estimates (PCC = 0.903-
0.962) with small mean differences (-0.08° to 0.08°) were reported but there were wide
confidence intervals between these two measurements (x2.0° to +3.3°) (Cakir et al.
2006b)

In Pearson et al. (2011) study, 30 flexion-extension radiographs were measured twice
by six raters, over a four week period, using either the DMT or QMA method.
Intervertebral rotation intra-rater reliability ICCs were higher for the QMA method (ICC
= 0.997) with small SEM (0.5°) compared to the DMT (ICC = 0.870, SEM = 2.5°)
(Pearson et al. 2011).
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For end-plate angle in extension, flexion and sitting, Maigne et al. (2003) analysed the
intra-rater reliability of one rater extensively by opting to investigate if there was a
difference between repeated measurements. They determined no significant
difference between repeated measurement of the same images, reporting that the
mean difference between two measurements was <0.31° (Maigne et al. 2003).
However, the 95% confidence interval for the limits of agreement between the
measures was at best -3.0° to 2.4° suggesting significant variability between repeated

measures (Maigne et al. 2003).

1.1.3.2.4.3 Inter-rater reliability of segmental ROM measurement

Inter-rater reliability estimates for segmental ROM of flexion-extension radiographs
amongst two raters were reported as strong for measurements between raters using
the same method (PCC = 0.738-0.929), with a small mean difference (-0.82° to -0.07°)
(Cakir et al. 2006a). However, as observed before, the range of difference between
two raters was large; yielding a wide 95%CI (-7.4° to 5.8°) (Cakir et al. (2006a). Similar
findings were observed in their follow up study with a strong correlation between raters
(PCC = 0.886-0.950) and small mean difference (-0.31° to 0.04°) but large confidence
intervals (-3.0° to 3.1°) (Cakir et al. 2006b).

Inter-rater reliability of flexion-extension radiographs was further studied by Maigne et
al. (2003) and Pearson et al. (2011). Estimates provided by Maigne et al. (2003)
demonstrated mean differences between two raters measurements in extension,
flexion and sitting was -0.38° to -1.05°. However, the 95%CI between raters was -3.1°
to 4.8° for end-plate angle, suggesting wide variability in the differences (Maigne et al.
2003). Pearson et al. (2011) found inter-rater reliability estimates that were excellent
for measurements made with the QMA method (ICC = 0.976) compared to the DMT
that yielded moderate results (ICC = 0.693).

Haas et al. (1990) investigated tilt into side bending and rotation in standing and lateral
bending positions using three examiners reporting a range of Kappa reliability
estimates. For side bending, agreement between raters was reported as weak-to-
moderate in neutral (Kappa = 0.17-0.56) for L1-L5 (Haas et al. 1990). This was also
true for net segmental tilt in left lateral bending (LLB) (Kappa = -0.03-0.50) and right
lateral bending (RLB) (Kappa = 0.00-0.27) excluding the measurement at L3 for LLB
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that showed excellent reliability (Kappa = 1.00) (Haas et al. 1990). However, the inter-
rater reliability estimates were better overall for rotation results which yielded
moderate-to-good results in neutral radiographs (Kappa = 0.55-0.68) and weak-to-
good results in LLB and RLB (Kappa 0.38-0.68) (Haas et al. 1990). Interestingly,
reliability estimates at L5 were low across all three raters in neutral, LLB and RLB for
tilt (Kappa = 0.16-0.19) and rotation (Kappa = 0.38-0.57) (Haas et al. 1990).

The SEM was also reported by Haas et al. (1990). They found the mean absolute
discrepancy was <2° for tilt and <3° for rotation of neutral radiographs at all lumbar
levels (Haas et al. 1990). This was less than half of the expected measurement error
which was also true for net tilt (1.2° to 3.2°) and rotation (2.0° to 3.7°) in LLB and RLB
(Haas et al. 1990). However, even though all measurement errors were reported as

low, data were only presented from one rater pair (Haas et al. 1990).

Overall, results for radiography indicate that there is high intra-rater reliability between
measurements made using the same method, and differing methods, in flexion-
extension. This also appears true for inter-rater reliability in flexion-extension as well
as, lateral bending radiographs. However, variability in the results suggest reliability
could be affected by the selected method for measuring ROM from the radiographs.
Moreover, the magnitude of the variability across 2 measurements of the same image
should be considered when assessing the expected ROM alteration from interventions

such as surgery.

Summary of findings — Table 6

Author Findings

Haas etal. | Kappa (K):

(1990) e Tilt (neutral) — L1: K=0.47, L2: K=0.56, L3: K=0.46, L4: K = 0.22,
L5=0.17.

e Tilt (left lateral bending) — L1: K = 0.50, L2: K =-0.03, L3: K = 1.00,
L4: K =0.25, L5=0.19.

e Tilt (right lateral bending) — L1: K=0.24, L2: K= 0.25, L3: K = 0.00,
L4: K =0.27, L5: K =0.16.

e Rotation (neutral) — L1: K=0.64, L2: K=0.68, L3: K=0.55,L4: K =
0.60, L5: K =0.57.

e Rotation (left lateral bending) —L1: K=0.63, L2: K=0.61, L3: K =
0.57, L4: K=0.55, L5: K=0.42.

25



e Rotation (right lateral bending) — L1: K =0.49, L2: K=0.42, L3: K =
0.59, L4: K =0.68, L5: K=0.38.
SEM (one rater pair):
¢ Neutral radiographs — 1.0° - 1.9° (tilt); 2.1° - 2.6° (rotation).
e Nettilt - 1.3° - 3.2° (left lateral bending); 1.2° - 2.8° (right lateral

bending).
e Net rotation — 2.0° - 3.7° (left lateral bending); 2.5° - 3.6° (right lateral
bending).
Maigne et Angular motion:
al. (2003) e Extension to flexion = 13.9° £+ 4.5° (patient group); 7.5° + 4.3° (control
group).
e Extension to sitting = 10.0° £ 4.5° (patient group); 6.2° + 4.0° (control
group).
Intra-rater (mean difference between end plate angle measurements):
e 0.31° 95%CI LoA -3.0° to 2.4° (extension); 0.04°, 95%CI LoA -3.0° to
3.0° (flexion); 0.03°, 95%CI LoA -3.0° to 3.0° (sitting).
Inter-rater (mean difference between end plate angle measurements):
e -0.38° 95%CI LoA -3.1° to 3.9° (extension); -0.44°, 95%CI LoA -2.7°
to 3.6° (flexion); -1.05°, 95%CI LoA -2.7° to 4.8° (sitting).
Breen et al. e Side bending intra-subject variation 2.75° RMSE (observer 1).
(2006) e Side bending intra-subject variation 2.91° RMSE (observer 2).
e Raw data ranges not reported.
Cakir et al. Intra-rater reliability:
(20064a) e PCC (95%CI) = 0.902 (+4.2°), 0.782 (+6.8°), 0.916 (+4.0°), 0.881
(x4.7°).
¢ Mean difference = -0.17°, 0.04°, -0.17°, -0.17°.
Inter-rater reliability:
e Range of PCC (95%CI) = 0.843, 0.809, 0.777, 0.738 (-7.4° +5.8°);
0.929, 0.913 (-4.5° +4.3°); 0.890, 0.861, 0.890, 0.891 (-4.9% +4.5°);
0.885, 0.888 (-5.0° +4.2°).
e Mean difference between 2 measurement sets = -0.82°, -0.07°, -0.17°,
-0.38°.
Cakir et al. Intra-rater reliability:
(2006Db) e PCC (95%CI) = 0.962 (+2.1°), 0.903 (+3.3°), 0.955 (£2.0°), 0.916
(£3.09).
e Mean difference = 0.04°, 0.08°, -0.08°, -0.04°.
Inter-rater reliability:
e Range of PCC (95%CI) = 0.928, 0.903, 0.911, 0.917 (-3.0° +3.0°);
0.918, 0.905 (-2.99 +3.1°); 0.899, 0.930, 0.950, 0.950 (-2.4°/ +3.0°);
0.926, 0.886 (-2.8°%/ +2.8°).
¢ Mean difference between 2 measurement sets = 0.04°, -0.06°, -0.31°,
-0.00°.
Landel et e SEM ranged from 0.40° to 0.66°.
al. (2008) e ICC 0.95-0.99.
Pearson et e Average change in intervertebral rotation = 5.1° (DMT), 5.7° (QMA).
al. (2011)
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Intra-rater — ICC = 0.870, SEM = 2.5° (DMT); ICC =0.997, SEM = 0.5°

(QMA).
Inter-rater — ICC = 0.693 (DMT), 0.976 (QMA).

Sui et al. ¢ Did not report individual segmental ROM values.
(2011) e Only reported ICC for the plastic spine model.
Chleboun et | US:
al. (2012) e Spinous process distance in flexion = 25.6mm to 32.3mm.
e Spinous process distance in extension = 21.5mm to 26.9mm.
e Flexion ROM taken from neutral = 3.0mm to 4.4mm.
e ICC 0.94, CI95% 0.85-0.97.
e CoV =1.8%.
MRI:
e Spinous process distance = 24.6mm to 35.6mm (flexion), 19.9mm to
29.4mm (extension).
e Segmental ROM estimates from neutral = 1.8mm to 4.9mm (flexion),
0.9mm to 4.3mm (extension).
e ICC 0.98, ClI95% = 0.95-0.99.
e CoV =1.6%.
Mellor et al. | Segmental ROM:
(20144a) e Flexion — L2/3 = 4.23°, L3/4 = 5.89° L4/5 = 7.10° (Patients).
e Flexion — L2/3 = 4.05°, L3/4 = 5.49°, L4/5 = 6.46° (Controls).
e Extension —L2/3 =5.04° L3/4 = 4.15°, L4/5 = 4.78° (Patients).
e Extension — L2/3 = 4.64°, L3/4 = 4.11°, L4/5 =5.31° (Controls).
Intra-observer:
e SEM% = 3% (flexion); 8% (extension).
e L2/3=SEMO0.13° ICC 0.98, CI95% 0.86-0.99 (flexion); SEM 0.35°,
ICC 0.96, CI95% 0.85-0.99 (extension).
e L3/4=SEMO0.13° ICC 0.98, CI95% 0.90-1.0 (flexion); SEM 0.24°,
ICC 0.92, CI95% 0.72-0.98 (extension).
e L4/5=SEMO0.10° ICC 1.0, CI95% 0.99-1.0 (flexion); SEM 0.19°, ICC
0.99, CI95% 0.97-1.0 (extension).
e SEM0.08-0.17°, ICC 0.99-1.0, CI95% 0.95-1.0, SEM % = 3% (lateral
bending).
Inter-observer:
e |CC0.74-0.99; CI95% 0.23-0.99.
e SEMO0.17-0.31°% SEM% = 7% (flexion)
e SEM 0.27-0.77° SEM% = 19% (extension)
e L2/3=SEMO0.31° ICC 0.91, CI95% 0.69-0.98 (flexion); SEM 0.77°,
ICC 0.76, CI95% 0.27-0.94 (extension)
e L3/4=SEMO0.17° ICC 0.98, CI95% 0.91-0.99 (flexion); SEM 0.41°,
ICC 0.74, CI95% 0.23-0.93 (extension).
e L4/5=SEM0.31° ICC 0.97, CI95% 0.88-0.99 (flexion); SEM 0.27°,
ICC 0.99, CI95% 0.96-1.0 (extension).
e SEM 0.18-0.55°, ICC 0.85-0.99, CI95% 0.51-1.0 (lateral bending).
Yeager et e Segmental ROM: 4.40° (flexion) and 2.00° (extension).
al. (2014)
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Intra-observer: SEM 0.10°, ICC 0.98, C195% 0.98-0.99 (flexion/
extension, SEM% = 2% (flexion), 5% (extension).
Inter-observer: SEM 0.22°, ICC 0.96, C195% 0.95-0.97 (flexion/
extension), SEM% = 5% (flexion), 11% (extension).

Cuestas-
Vargas
(2015)

Segmental ROM was 15.5° +/- 2.04° (flexion), SEM = 0.54°.

Repeated measures: ICCs CI95% = 0.995-0.999 (within day), C195%

= 0.996-0.999 (between day).
MDCgs = 1.5° (or 10%).

Tozawa et
al. (2015)

Lumbar interspinous process distance ranged from 29.2mm to
30.2mm.

Intra-rater reliability:

ICC CI95% 0.79-1.0.

Examiner A: ICC 0.97-0.98, C195% 0.93-0.99.
Examiner B: ICC 0.96-0.98, C195% 0.92-0.99.
Examiner C: ICC 0.97-0.98, Cl195% 0.94-0.99.
Examiner D: ICC 0.97-0.99, CI95% 0.94-1.0.
Examiner E: ICC 0.90-0.99, CI95% 0.79-1.0.
MDCgs value of 0.29mm.

Inter-rater reliability:

ICC 0.914, CI95% 0.80-0.97; ICC 0.725, CI95% 0.55-0.87.

du Rose
and Breen
(2016)

Between day Intra-rater reliability:

L2/3 = SEM 0.45°, ICC CI195% 0.92-1.0.
L3/4 = SEM 0.23°, ICC CI95% 0.96-1.0.
L4/5 = SEM 0.39°, ICC CI195% 0.97-1.0.
L5/S1 = SEM 0.54°, ICC CI195% 0.82-0.99.

Tozawa et
al. (2016)

Intra-rater reliability:

(ICC 0.990-0.998, CI95% 0.963-0.999.
Measurer A: ICC 0.997, CI195% 0.993-0.999.
Measurer B: ICC 0.992, CI95% 0.981-0.998.
Measurer C: ICC 0,998, CI95% 0.996-0.999.
Measurer D: ICC 0.985, CI195% 0.963-0.996.
Measurer E: ICC 0.991, CI95% 0.978-0.997.
Measurer F: ICC 0.995, CI95% 0.987-0.998.
Measurer G: ICC 0.995, Cl195% 0.987-0.999.
Measurer H: ICC 0.992, CI95% 0.980-0.998.
Measurer I: ICC 0.990, CI95% 0.977-0.997.
MDCgs values of 0.62-1.8mm.

Measurer D: MDCgs = 1.8mm.

Measurer F: MDCgs = 1.1mm.

Measurer H: MDCgs5 = 0.62mm.

Measurer . MDCgs = 1.5mm.

Inter-rater reliability:

ICC 0.969, CI195% 0.90-1.0.

Breen et al.
(2018)

Segmental ROM:

Lying: 5.14° (flexion), 5.33° (extension).
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e Standing: 9° to 14° (flexion), 2.01° (extension).
Repeated measures:
e |CC 0.80, CI95% 0.74-0.85 (lying flexion and extension).
e [CC 0.82-0.91, ClI95% 0.76-0.93 (standing flexion and extension).
e |CC 0.95, CI95% 0.92-0.96 (lying lateral bending).
e ICC 0.90-0.92, CI95% 0.0.87-0.94 (standing lateral bending).
e MDCgys5 4.66°, MDC% 91% (flexion in lying).
e MDCgs5 5.19°, MDC% 97% (extension in lying).
e MDCys53.3-3.7°, MDC% 60-69% (lateral bending in lying).
e MDCgs5 9.10°, MDC% 100% (flexion in standing).
e MDCgys5 5.53°, MDC% 176% (extension in standing).
e MDCgys 4.5-4.7°, MDC% 97-98% (lateral bending in standing).

Mahato et Segmental ROM:

al. (2019) e 8.5°t0 17.3° (right lateral bending).

Repeated measures:
e ICC 0.93-0.94 (right lateral bending between day).
e CoV 14-15% (right lateral bending between day).

(K, kappa; L, lumbar; =, equals; SEM, standard error of measurement; °, degrees; 95%Cl, ninety five
percent confidence interval; LoOA, limits of agreement; RMSE, root mean square error; PCC, pearson
correlation coefficient; %, plus or minus; ICC, intra-class correlation co-efficient; DMT, digitised manual
technique; QMA, quantitative motion analysis; US, ultrasound; mm, millimetres; ROM, range of
motion; CI95%, ninety five percent confidence interval; CoV, coefficient of variation; MRI, magnetic
resonance imaging; L2/3, lumbar spine intervertebral level 2/3; L3/4, lumbar spine intervertebral level
3/4; L4/5, lumbar spine intervertebral level 4/5; SEM%, standard error of measurement percent; %,
percent; L5/S1, spine intervertebral level lumbar 5/ sacral 1; MDCgs, minimal detectable change at
95% confidence level, MDC%, percentage magnitude of minimal detectable change at 95%
confidence level).

1.1.4 Discussion

1.1.4.1 Modality evaluation

1.141.1VE

VF provides a cost-effective, non-invasive (Manninen et al. 1988) method for
segmental ROM assessment that can provide dynamic or static quantification of ROM
and is often completed in a weight-bearing position. However, there is a tricky trade-
off between radiation dose and image quality (Lam et al. 2009). Since low radiation
dosage is used (Muggleton and Allen 1997); the contrast between the vertebrae and
surrounding soft tissue is very low (Lam et al. 2009), making identification of
anatomical landmarks difficult (Muggleton and Allen 1997). Furthermore, although

radiation dose for VF of the lumbar spine compares favourably with exposures for a
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single plain radiograph of the same region (Muggleton and Allen 1997; Harvey et al.

2016); the risks associated with radiation exposure (Kim et al. 2013) remain present.

As mentioned previously, manual mark-up of VF images remains necessary (Davis et
al. 2015) but differences in mark-up practices exist (Harvey et al. 2016). Currently,
there is no consensus as to which is the most effective (Harvey et al. 2016). What is
more, it is a laborious and time consuming process (Muggleton and Allen 1997; Lam
et al. 2009) that remains a source of error (Plocharski et al. 2018), and the choice of
anatomical landmark identification can greatly influence the results (Harvey et al.
2016). Moreover, the optical distortion and out of plane motions (Harvey et al. 2016)
are likely to pose significant challenge to the clarity of VF images and ultimately, its

usefulness in quantifying segmental ROM.
1.1.4.1.2 US

US imaging is a safe, inexpensive modality (Heidari et al. 2015) which is portable,
offering easy collection of static and dynamic images (Marshburn et al. 2014). Though
there are no known deleterious effects of US it remains the domain of competent
sonographers (The World Federation for Ultrasound in Medicine and Biology 2013).

Whilst it isn’t commonplace to US image the spine, there is evidence that nearly all
structures within the spine are visible with US (Ahmed et al. 2018). However, despite
adequate visualisation of structures being outlined by Ahmed et al. (2018), the skill of
completing US scanning largely remains operator dependent. For example, Margarido
et al. (2010) showed 20 unsupervised trials plus teaching sessions were not enough
for participants to achieve competence in different aspects of US assessment of the
lumbar spine. Therefore, if US imaging was to become more routine for assessing
segmental ROM of the spine; specific training may be necessary. Furthermore, as US
machines evolve, enhancements in image quality are further likely to facilitate easier

imaging of the spine (Ahmed et al. 2018).

In comparison to other modalities, field of vision is small with US and directly limited
to the area beneath the US transducer (Hides et al. 1998). Also, distinct individual
characteristics, such as BMI, are likely to affect the image quality; meaning this

modality may not be universally appropriate (Hides et al. 1998). Despite this, real time
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analysis, video capture and enhancements to the technology and its image processing

are likely solutions.

In summary, US is an inexpensive, safe and accessible modality that is already used
extensively in clinical practice for other purposes. Therefore, it affords great potential
for regular monitoring of lumbar spinal ROM. Nevertheless, it requires a skilled
operator to image the lumbar spine and resolution of images may vary between

patients based on extraneous patient variables or sonographer expertise.

1.1.4.1.3 MRI

MRI uses non-ionising radiation (Wassenaar et al. 2012), is non-invasive (Sett and
Crockard 1991) and is considered a safe technology (Hartwig et al. 2009).
Furthermore, it offers real advantages in terms of image quality, resolution and
consistency (Wassenaar et al. 2012; Ahmed et al. 2018). MRI has the ability to
visualise the entire spine, spinal cord and surrounding structures in its entire length
(Sett and Crockard 1991); providing further opportunities such as, the identification of
structural changes. Moreover, MRI can produce sectional images of equivalent
resolution, in any projection, without moving a patient (NHLBI ca.2020). This ability to

obtain images in multiple planes adds to its versatility (NHLBI ca.2020).

Analysis of spinal ROM requires the use of open MRI which eliminates a patients
feeling of claustrophobia, along with the associated implications of this effect,
commonly seen with traditional closed MRI scanners (Tarantino et al. 2013; Michelini
et al. 2018). However, it does have some disadvantages. This is represented mostly
by the use of a low field magnet; resulting in low signal to noise ratio and leading to
reduced image quality compared with the more common high field magnet (Michelini
et al. 2018). Equally, patients with pacemakers and certain ferromagnetic appliances
cannot be imaged with MRI (NHLBI ca.2020), and patient throughput is slow compared
with other imaging modalities (Michelini et al. 2018; NHLBI ca.2020).

A further significant drawback to MRI is that the equipment is not only expensive to
purchase, but also to maintain and operate (NHLBI ca.2020). Additionally, greater
technological expertise is required for utilisation of MRI rather than most other imaging
modalities (NHLBI ca.2020); highlighting important limitations.
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Altogether, it is evident that MRI has good spinal visualising capabilities; coupled with
consistency in image acquisition and interpretation. What is more, this modality does
not pose a risk to most patients and offers the clinical advantage of looking at
intervertebral disc deformation and soft tissue providing additional insights for patients
with known pathologies. However, the substantial cost associated with using this
technology indicates its lack of suitability for regular monitoring of lumbar segmental
ROM.

1.1.4.1.4 Radiography

Radiography remains a cost effective spinal imaging method (Oakley and Harrison
2018) and the equipment is widely available (Janssen et al. 2011). Compared to other
imaging modalities, like MRI, usually performed in the recumbent position; radiographs
can also be taken in different anatomical positions (Oakley and Harrison 2018).
Nonetheless, there are no established guidelines for imaging the thoraco-lumbar spine
with radiographs (Leone et al. 2007; Janssen et al. 2011) and it is required to be
performed in a specialised room (Janssen et al. 2011). There are also errors
associated with distortion, magnification and positioning of individuals (Janssen et al.
2011; Mellor et al. 2014b). Furthermore, lots of heterogeneity exits in the methodology

of radiographic segmental ROM measurements (Leone et al. 2007).

The most significant disadvantage to radiography though is its use of ionising radiation
(Mellor et al. 2014b; Davey et al. 2014). This is a known mutagen that can increase
the risk of diseases such as cancer (Logan et al. 2019). In addition, a higher beam
energy is required due to the lumbar spines large x-ray attenuation and imaging of this
area involves exposure to radiosensitive reproductive organs (Lai et al. 2020). These

risks are an important consideration for repeated radiography examinations.

To summarise, however cost-effective radiography remains, the errors linked to image
capture and variability in image analysis, coupled with the risks associated with
ionising radiation exposure; makes this imaging modality unsuitable for frequent

assessment of lumbar spinal ROM.
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1.1.5 Conclusion

This review has provided a contemporary systematic analysis of the literature related
to the reliability of VF, US, MRI and Radiography modalities currently used for non-
invasive measurements of segmental ROM in the lumbar spine in-vivo. Excellent
reliability is seen in all modalities. However, VF is limited by radiation exposure, as is
radiography, and there is a high cost associated with MRI. Additionally, these
modalities are not routinely available. Although US scanning is operator dependent
and specific training may be required, it offers potential for routine clinical use due to
its low cost and widespread availability. Therefore, US has the opportunity to provide
a truly non-invasive and risk free method of measuring segmental ROM in individuals
with LBP. Despite this, further research is necessary to determine whether US imaging
yields truly consistent measurements of segmental ROM in the lumbar spine and
whether this is also evident in within- and between-day repeated measures. If a
method of segmental ROM assessment can be developed for routine clinical practice
it could be a useful tool to evaluate abnormal segmental motion due to pain, spinal
pathology or surgical intervention; signifying its potential value in the assessment,

diagnosis and management of a variety of spinal related conditions.
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1.1.6 Summary

This systematic review highlighted that further research into the quantification of
segmental ROM measurements with US imaging is warranted. It also indicated that
the application of such a technology to solve a clinical problem is lacking. Therefore,
the provisional aim of this thesis was to develop a method using US imaging coupled
with an electromagnetic tracking device to quantify spinal segmental ROM and
curvature in-vivo and also, develop this application for individuals with altered spinal
curvature i.e. scoliosis. Significant development and proof of concept work in this
direction was completed. However, it became clear that due to the reliance on an
ultrasonographer and the applicability of US imaging in routine physiotherapy clinical
practice, it wasn’t going to be possible. The reasons lay in extensive training required
for a physiotherapist to appropriately operate the US machine as well as, ethical issues
surrounding observation (or failed observation) of sinister pathology by coincidence
on US images. Therefore, a slight change in the direction of this project occurred,
whereby the focus shifted to exploring spinal and trunk shape using surface measures
rather than imaging modalities. This has the potential to overcome limitations in current
methods through the inclusion of trunk shape, enabling the method to be applied to
clinical conditions with alterations to trunk shape i.e. scoliosis. To determine the
current gap in the literature, there was a need for a review of research pertaining to

this topic.

The following section presents a scoping review of the literature related to the reliability
of surface curvature measurement devices for assessment of the thoracolumbar
spine. Although this review focuses on reliability, each measurement system and its

methods, through discussion of its advantages and limitations, are also evaluated.
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1.2 The reliability of surface measurement methods for assessing spinal

curvature in the thoracolumbar spine: A scoping review

1.2.1 Introduction

Spinal disorders remain one of the most common and costly complaints in clinical
practice (Martin et al. 2008). Previous research has shown that trunk posture,
kinematics and function is impacted by spinal disorders such as stenosis (Kuwahara
et al. 2016), scoliosis (Schmid et al. 2015) and also by back pain (Christe et al. 2017;
Chun et al. 2017). As a result, measurement of spinal curvature has become common
place in the clinical assessment of the spine (Vrtovec et al. 2009). This can provide
useful information about spinal function and can also be used as a clinical outcome
measure to assess the impact of disease or to evaluate evidence-based treatments
(Plaszewski et al. 2012).

Currently, static X-ray examination is the gold standard for measuring spinal curvature
(Vrtovec et al. 2009; Ghandhari et al. 2020). Despite its confirmed validity, risks
associated with repeated radiation exposure, availability and expense mean regular
radiographic assessment is not recommended (Briggs et al. 2007). For that reason,
surface curvature measurement devices and methods have been developed to
overcome the limitations of X-ray. However, for consideration as a clinical alternative
to X-ray, the reliability and validity of these measurement devices need to be
established. Prior to establishing validity, reliability should be determined. Therefore,
the aim of this scoping literature review is to: 1) explore existing devices and methods
of spinal surface curvature measurements, 2) understand the advantages and
limitations to these measurement methods, and 3) review reliability estimates of such

methods.

1.2.2 Materials and Methods

The five-stage framework outlined by Arksey and O’Malley (2005) underpinned the
approach to this scoping review. The focus of this review was exploring existing
surface curvature measurement methods and their reliability in-vivo. The aims outlined
above guided the search and facilitated the scoping capture of literature relating to this

topic.
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1.2.2.1 Search strateqgy

In November 2020, a systematic literature search of 16 electronic databases including:

MEDLINE Complete, Academic Search Ultimate, CINAHL Complete, Complementary

Index, SPORTDiscus and ScienceDirect, was conducted. Search terms, using

Boolean logic (as seen in Table 7), were used and the search was limited to peer-

reviewed articles published in the English Language. In addition, to identify citations

within grey literature; reference lists of eligible articles identified through database

searching were hand searched for further appropriate studies.

Table 7. Search strateqy

Search Terms

Measure OR measurement OR measuring

AND spinal OR spine OR thoracolumbar

AND curvature OR shape

AND reliability

NOT radio* OR ultra* OR x-ray OR mri OR fluro*

(*, represents truncation)

Table 8. Inclusion and exclusion criteria

Inclusion criteria

Exclusion criteria

¢ Researching thoracic and/ or lumbar
regions.

e Curvature or shape spinal
measurements.

e Portable surface curvature methods.

¢ In-vivo measurements.

e Quantitative papers.

e Any population type.

Methods using imaging modalities
including: ultrasonography,
radiographic, magnetic resonance
imaging and fluoroscopy.
Investigating only cervical spine
region.

Not assessing reliability of
measurement method.

Laboratory based/ non-portable
methods.

In-vitro measurements.

Studies published after November
2020.
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1.2.2.2 Inclusion and exclusion criteria

Firstly, articles were screened by title, abstract then full text; against inclusion and
exclusion criteria (Table 8). A detailed flow chart of the search, including the number
of citations yielded at each stage, is shown in Figure 2. Table 9 details the reasons for

full-text article rejection.

Table 9. Reason for full-text article rejection

Reason for full-text citation rejection Number of citations in this category
Not assessing reliability 4
Not researching in-vivo 1
Duplicate paper 3
Only abstract available 2
Laboratory-based/ non-portable method 3
Total number of full text citations rejected 13

1.2.2.3 Data charting and collation

For each citation, details relating to the study’s author(s), year published,
measurement device/ technology, participant, methodology and reliability results were
collated into Table 10.

1.2.3 Results

A total of 20 studies were eligible for this review (Hart and Rose 1986; Lovell et al.
1989; Youdas et al. 1995; Hinman 2004b; Mannion et al. 2004; Dunleavy et al. 2010;
Lewis and Valentine 2010; Singh et al. 2010; Williams et al. 2010; Czaprowski et al.
2012; de Oliveira et al. 2012; Williams et al. 2012; Gonzalez-Sanchez et al. 2014;
Maclintyre et al. 2014; Topiladou et al. 2014, Livanelioglu et al. 2016; Sedrez et al.
2016; Was et al. 2016; Quek et al. 2017; Roghani et al. 2017).

All studies investigated the reliability of spinal curvature or shape measurements in-
Vivo using a specific surface measurement device. The flexicurve was investigated by
seven articles (Hart and Rose 1986; Lovell et al. 1989; Youdas et al. 1995; Hinman
2004b; Dunleavy et al. 2010; de Oliveira et al. 2012; Sedrez et al. 2016), the spinal
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mouse by four (Mannion et al. 2004; Topiladou et al. 2014, Livanelioglu et al. 2016;
Roghani et al. 2017) and the inclinometer by another four citations (Lewis and
Valentine 2010; Czaprowski et al. 2012; Macintyre et al. 2014; Was et al. 2016).
Williams et al. (2010) and Williams et al. (2012) investigated a fibre-optic measurement
device; whilst Singh et al. (2010) and Gonzalez-Sanchez et al. (2014) used
electromagnetic (EM) tracking sensors and lastly, Quek et al. (2017) looked into the
reliability of a three dimensional (3-D) depth camera (Kinect) for curvature

measurements.

‘Normals’ were investigated most by eligible studies (Hart and Rose 1986; Youdas et
al. 1995; Mannion et al. 2004; Dunleavy et al. 2010; Singh et al. 2010; Williams et al.
2010; Czaprowski et al. 2012; Sedrez et al. 2016; Was et al. 2016; Quek et al. 2017).
The next most common population studied was those with LBP (Lovell et al. 1989;
Williams et al. 2012; Topiladou et al. 2014).

Articles measured a range of different positions and movements including standing
(Hart and Rose 1986; Lovell et al. 1989; Youdas et al. 1995; Hinman 2004b; Mannion
et al. 2004; Dunleavy et al. 2010; Lewis and Valentine 2010; Singh et al. 2010;
Czaprowski et al. 2012; de Oliveira et al. 2012; Gonzalez-Sanchez et al. 2014;
Maclintyre et al. 2014; Topiladou et al. 2014, Livanelioglu et al. 2016; Sedrez et al.
2016; Was et al. 2016; Quek et al. 2017; Roghani et al. 2017), sitting (Youdas et
al.1995; Quek et al. 2017), flexion (Hart and Rose 1986; Youdas et al. 1995; Mannion
et al. 2004; Williams et al. 2010; Williams et al. 2012; Topiladou et al. 2014; Roghani
et al. 2017) and extension (Youdas et al. 1995; Mannion et al. 2004; Williams et al.
2012; Topiladou et al. 2014; Roghani et al. 2017).

Some articles measured only thoracic kyphosis (Lewis and Valentine 2010; Quek et
al. 2017), others just lumbar lordosis (Hart and Rose 1986; Lovell et al. 1989; Youdas
et al. 1995; Williams et al. 2010; Williams et al. 2012) and the rest; both thoracic and
lumbar curvatures (Hinman 2004b; Mannion et al. 2004; Dunleavy et al. 2010; Singh
et al. 2010; Czaprowski et al. 2012; de Oliveira et al. 2012; Gonzalez-Sanchez et al.
2014; Maclintyre et al. 2014; Topiladou et al. 2014, Livaneliogu et al. 2016; Sedrez et
al. 2016; Was et al. 2016; Roghani et al. 2017).
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Altogether, it appears that across the literature, many methods have been explored in
guantifying curvature in both the thoracic and lumbar spine. Furthermore, research
has investigated these methods in static positions i.e. sitting and standing but also

during sagittal motion in individuals without pain or pathology and in those with back

pain.
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Table 10. Data charting

Author(s)

Surface
Measurement
Device/
Technology

Methods

Reliability Results

Hart and
Rose (1986)

Flexicurve

23 healthy adult participants.

Quantified shape of Lx spine.

Measured L1-S2.

2 sagittal measurements made for each position
studied.

Positions: normal standing, extreme of forward
bending, forward bending with trunk curl and
forward bending with back straight.

23 pairs of standing measurements and 66 pairs of
complete forward bending measurements.
Degree of agreement between test-retest
measurements of same measurer analysed.

Intra- test-retest reliability of standing and complete
forward bending measurements ICC = 0.97.

Lovell et al.
(1989)

Flexicurve

40 participants without LBP and 40 with LBP.

Lx spine lordosis measured in ‘relaxed’ normal
standing position.

Two measurers.

Measured L3-S2.

2 sagittal measurements taken within day by one
tester with a 1-minute rest in between.

Tester 2 completed same testing on patrticipant 1-3
minutes after.

Intra-tester reliability: ICC = 0.84 NSLBP and 0.94 for
SLBP (E1) and ICC = 0.73 NSLBP and 0.83 for SLBP

(E2).

Inter-tester reliability: ICC = 0.41 NSLBP and 0.50
SLBP (first measurements taken) and 0.54 NSLBP
and 0.52 for SLBP (second measurements taken).

Youdas et
al. (1995)

Flexicurve

10 healthy volunteers.

Tangent method -
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3 conditions: standing, sitting with maximum trunk
forward bending and lying prone with maximum
backward bending.

2 methods of sagittal curvature measurement:
tangent or trigonometric.

Intra- tester reliability: ICC = 0.82 and 0.90 (standing

lumbar lordosis), 0.90 and 0.95 (maximum lumbar
flexion in sitting), 0.96 and 0.98 (maximum lumbar
extension in prone).

Trigonometric method —

Intra- tester reliability: ICC = 0.87 and 0.93 (standing

lumbar lordosis), 0.84 and 0.91 (maximum lumbar
flexion in sitting), 0.97 and 0.98 (maximum lumbar
extension in prone).

Hinman Flexicurve 25 pre- and 26 post- menopausal women included. | Index of kyphosis inter-rater reliability: ICC = 0.94
(2004b) 3 graduate students with no experience using (relaxed), 0.93 (erect).
flexicurve measured each participant.
2 positions: standing relaxed posture and Index of lordosis inter-rater reliability: ICC = 0.60
maximum erect posture. (relaxed), 0.73 (erect).
Measured C7-S1.
Index of kyphosis and lordosis calculated from
sagittal width and length measurements of each
curve.
Mannion et Spinal Mouse 20 healthy participants. Intra-rater reliability between day:
al. (2004) Measured C7- (approximately) S3. Standing Tx curvature: ICC (95% CI) = 0.73 (0.43-

3 test positions: Standing upright, maximal flexion,
maximal extension.

2 examiners completed x 3 sagittal measurements
of each position on all participants on two separate
days.

0.89), SEM 4.2° E1; 0.88 (0.67-0.94), SEM 2.8° E2.
Standing Lx curvature: ICC (95% CI) = 0.90 (0.75-

0.96), SEM 2.5° E1; 0.92 (0.80-0.97), SEM 2.4° E2.
Flexion Tx curvature: ICC (95% CI) = 0.67 (0.32-

0.86), SEM 5.5° E1; 0.86 (0.67-0.94), SEM 3.9° E2.
Flexion Lx curvature: ICC (95% CI) = 0.85 (0.66-

0.94), SEM 3.2° E1; 0.91 (0.79-0.97), SEM 3.0° E2.
Extension Tx curvature: ICC (95% CI) = 0.76 (0.47-

0.90), SEM 6.2° E1,; 0.78 (0.52-0.91), SEM 4.6° E2.
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Extension Lx curvature: ICC (95% CI) = 0.80 (0.53-

0.92), SEM 4.5° E1; 0.78 (0.52-0.91), SEM 4.6° E2.

Inter-rater reliability:

Standing Tx curvature: ICC (95% CI) = 0.87 (0.70-
0.95), SEM 2.7° D1; 0.83 (0.62-0.93), SEM 3.3° D2.
Standing Lx curvature: ICC (95% CI) = 0.87 (0.69-
0.95), SEM 2.8° D1; 0.93 (0.83-0.97), SEM 2.2° D2.
Flexion Tx curvature: ICC (95% CI) = 0.83 (0.61-
0.93), SEM 4.3° D1; 0.70 (0.38-0.87), SEM 5.2° D2.
Flexion Lx curvature: ICC (95% CI) = 0.85 (0.65-
0.94), SEM 3.7° D1, 0.87 (0.70-0.95), SEM 3.3° D2.
Extension Tx curvature: ICC (95% CI) = 0.64 (0.27-
0.84), SEM 7.0° D1; 0.79 (0.54-0.92), SEM 5.0° D2.
Extension Lx curvature: ICC (95% CI) = 0.88 (0.72-
0.95), SEM 3.1° D1; 0.90 (0.75-0.96), SEM 3.5° D2.

Dunleavy et | Flexicurve 22 healthy participants. Intra-rater reliability: ICCs = 0.61-0.97.

al. (2010) One session of testing. Inter-rater reliability: ICCs = 0.56- 0.72.
2 examiners. Total length — SEM 0.58cm, MDC95 1.62cm.
Measured C7-S1. Thoracic length — SEM 2.00cm, MDC95 5.55cm.
Normal standing position tested 3 times for each Thoracic width — SEM 0.48cm, MDC95 1.33cm.
participant. Lumbar length — SEM 1.93cm, MDC95 5.36¢cm.
Measured total length, thoracic length, thoracic Lumbar width — SEM 0.35cm, MDC95 0.96cm.
width, lumbar length and lumbar width in sagittal
plane.

Lewis and Inclinometer 45 participants with no upper body symptoms and Intra-rater reliability Tx kyphosis:

Valentine 45 with upper body symptoms. Average ICC (95% CI) = 0.97 (0.95-0.99), SEM from

(2010) Measurements of thoracic kyphosis made in ICC average = 1° (pps without symptoms).

relaxed standing.

Average ICC (95% CI) = 0.97 (0.94-0.98), SEM from
ICC average = 1.7° (pps with symptoms).
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2 inclinometers used — 1 placed over 1%t and 2" Tx
SPs and 1 placed over region of 12" Tx and 1%t Lx
SPs.

Angle produced by each inclinometer was
measured 3 times in succession in sagittal plane.
Each set of 3 measurements made on two
occasions by one rater.

Singh et al. Electromagnetic | 52 healthy participants. Intra-tester reliability:

(2010) tracking ‘natural’ spinal curvature measured in standing. Tx kyphosis ICC (95% CI) = 0.93 (0.88-0.95), SEM
Palpation and marking of spinous processes and 1.57°; Lx lordosis ICC (95% CI) = 0.98 (0.96-0.98),
PSISs prior to moving a plastic probe with EM SEM 1.51°.
sensor over spine to trace SPs between T1 and Lateral curvatures for thoracic and lumbar regions
L3. ICC =0.75, SEM 1.04° and 0.85, SEM 0.56°
Measurements taken 3 times consecutively by the | respectively.
same examiner.

Williams et Fibre-optic 13 healthy participants. Excellent similarity for repeated measures of whole

al. (2010) Lx curvature during flexion and lifting movements lumbar and lower lumbar spine curvatures. (CMC =
measured. 0.97-0.98)
Curvature was derived from the angles between
S1and L1 or L3 tangents.

Czaprowski | Inclinometer 30 healthy participants. Measurements displayed good reliability.

etal. (2012) Measured anterior-posterior (sagittal) spinal Cronbach’s alpha coefficient =

curvatures in spontaneous standing position.
Three investigators performed the measurement 3
times at each palpation identified level of interest
(inter-observer repeatability).

One investigator performed a measurement of
sagittal plane spinal curvatures in every subject
one week apart (intra-observer repeatability).

0.87 for Lx lordosis angle

0.83 for Tx kyphosis angle.

Intra-rater reliability: no statistically significance
(P>0.05) differences between results in all parts of
spine in first and second measurements by
investigator .

Inter-rater reliability:
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No significant difference between raters for Tx
kyphosis but significant difference revealed for
lumbar lordosis.

Measurement errors reported as 2.8-3.8°.

de Oliveira Flexicurve 47 participants undergoing prescribed x-ray Inter-rater reliability ICC (95% CI) = 0.94 (0.87-0.98)
et al. (2012) examination. Tx and 0.83 (0.60-0.94) Lx curvature.

C7,T1, T12, L5 and S1 SPs identified through

palpation and marked by one evaluator. Intra-rater reliability ICC (95% CI) = 0.83 (0.57-0.94)

Flexicurve measurement from C7-S1 taken by: Tx and 0.78 (0.47-0.92) Lx curvature.

three different evaluators on the same day and two

different occasions by one evaluator.

Standing position measured.

Sagittal plane measurements.
Williams et Fibre-optic 20 acute and 20 chronic LBP participants. Fibre-optic method highly reliable in measuring both
al. (2012) Curvature measured dynamically during flexion, whole lumbar and lower lumbar curvatures (CMC =

lifting and extension movements. >0.81 and ICC >0.99.)

Measurements taken between S1 and L1 (whole

lumbar spine) and S1 and L3 (lower lumbar spine).

Three movement trials completed.
Gonzalez- Electromagnetic | 36 participants. 2 groups: normal weight and Intra-rater reliability of spinal segment angles:
Sanchez et | tracking obese. Cronbach’s alpha ranged from 0.90 to 0.92 in sagittal
al. (2014) One tester. plane and 0.82 to 0.86 in coronal plane.

Upright relaxed position measured.

Phase 1: examiner palpated and marked reference
points T1, T8, L1, L5 and PSISs. These points
were digitised.

Same examiner measured reference points x3
consecutively.
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Probe with EM attached was traced from L1 to L5
and repeated 3 times.

Phase 2: global co-ordinate system transformed to
local co-ordinate system.

Intra-rater reliability examined.

Macintyre et

Inclinometer

36 participants from osteoporosis outpatient clinic.

test-retest reliability:

al. (2014) Anatomical landmarks of interest palpated and Lumbosacral angle ICC (95% CI) = 0.91 (082, 0.95),
marked. SEM 2.5°, MDCyg 5.8°.
One rater measured: lumbosacral angle, lumbar Lumbar angle ICC (95% CI) = 0.90 (0.82, 0.95), SEM
standing posture and thoracic standing posture in 2.9° MDCgy 6.8°.
sagittal plane. Thoracic angle ICC (95% CI) = 0.91 (0.84, 0.95),
Test-retest reliability examined between day SEM 3.5°, MDCy 8.2°.
measurements.

Topiladou et | Spinal mouse 50 adult participants with back pain or LBP. Intra-rater reliability in sagittal plane:

al. (2014) C7 and PSISs palpated and identified with Upright position: ICC (95%CI) = 0.96 (0.92-0.98),

markers.

2 measurements performed 30 minutes apart. New
markers placed before 2" measurement.

Sagittal plane measurements: upright position, full
flexion and full extension.

Frontal plane measurements: upright position, left
lateral bending and right lateral bending.

Tx curvature (T1-T12) and Lx curvature (L1-L5)
measured in all positions in both planes.

SEM 1.08° (Tx curvature) and 0.99 (0.97-0.99), SEM
0.39° (Lx curvature).

Full flexion: ICC (95%CIl) = 0.88 (0.75-0.94), SEM
2.74° (Tx curvature) and 0.99 (0.98-1.0), SEM 0.32°
(Lx curvature).

Full extension: ICC (95%CI) = 0.97 (0.94-0.99), SEM
0.98° (Tx curvature) and 0.96 (0.92-0.98), SEM 1.0°
(Lx curvature).

Intra-rater reliability in frontal plane:

Upright position: ICC (95%CIl) = 0.86 (0.70-0.93),
1.63° (Tx curvature) and 0.75 (0.48-0.88), SEM 1.71°
(Lx curvature).
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Left lateral bending: ICC (95%CI) = 0.90 (0.78-0.95),

2.84° (Tx curvature) and 0.93 (0.85-0.96), SEM 1.0°
(Lx curvature).
Right lateral bending: ICC (95%CI) = 0.87 (0.73-

0.94), SEM 2.59° (Tx curvature) and 0.90 (0.80-0.94),
SEM 1.56° (Lx curvature).

Livanelioglu | Spinal mouse 51 patients with AIS. Inter-observer reliability: ICC (95% CI) = 0.93 (0.87-
et al. (2016) Standing upright position assessed. 0.96)
Frontal plane thoracolumbar curvatures evaluated | Intra-observer reliability: ICC (95% CI) = 0.96 (0.93-
with spinal mouse by two therapists within the 0.98) (Observer 1) and 0.94 (0.90-0.97) (Observer 2).
same day.
Sedrez et al. | Flexicurve 40 children for test-retest reliability and inter-rater Test-retest reliability:
(2016) reliability. Tx kyphosis ICC (95% CI) = 0.93 (0.87-0.96), SEM
38 children for intra-rater reliability who had 2.5°, MDC 4.9°,
undergone x-ray examination but had no previous | Lx lordosis ICC (95% CI) = 0.80 (0.61-0.89), SEM
spinal surgery or congenital deformity. 4.3°, MDC 8.4°.
Two independent evaluators modelled each spine | Intra-rater reliability:
using flexicurve which provided angles for Tx and Tx kyphosis ICC (95% CI) = 0.82 (0.65-0.91), SEM
Lx spine in the sagittal plane. 4.1°, MDC 8.1°.
Sagittal standing position with normal posture Lx lordosis ICC (95% CI) = 0.67 (0.36-0.83), SEM
measured. 5.7°, MDC 11.2°,
Inter-rater reliability:
Tx kyphosis ICC (95% CI) = 0.83 (0.68-0.91), SEM
4.1°, MDC 8.0°.
Lx lordosis ICC (95% CI) = 0.72 (0.47-0.85), SEM
5.7°, MDC 11.2°,
Was et al. Inclinometer Pilot study. Test-retest ICC reliability ranged between 0.70 and
(2016) 20 healthy participants. 0.90.

Lx lordosis ICC = 0.90.
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Sagittal spine curvatures including Lx lordosis and
Tx kyphosis.

Measured in freestanding position.

Examinations performed twice with one week
interval by one examiner.

Tx kyphosis ICC = 0.80.

Sagittal curvature assessed during neutral
standing, full spinal flexion and full spinal
extension.

Same examiner on 2 different days (intra-rater
reliability).

Measured from C7 to approximately S3.
Curvature calculated by spinal mouse software in
each of the 3 positions (Tx — T1-T12 and Lx — L1-
S1).

Quek et al. Kinect (3-D 33 healthy participants. 29 returned within 1-7 days | Intra-rater reliability:

(2017) depth camera) | to be re-examined. Standing Tx kyphosis angle ICC (95%CIl) = 0.96
Standing and sitting positions measured. (0.92-0.98), SEM 0.69°.
C7,T12 and S2 SPs manually palpated by Sitting Tx kyphosis angle ICC (95%CI) = 0.81 (0.60-
examiner. 0.91), SEM 1.07°.
Kinect measurement consisted of recording 5
consecutive frames of depth and image data from
sSensors.

Roghani et Spinal mouse 19 women with hyperkyphosis and 14 without Intra-rater reliability:

al. (2017) hyperkyphosis. Hyperkyphosis group:

Tx kyphosis ICC (95%CIl) = 0.94 (0.86-0.98), SEM
1.56°, MDC 4.33°.

Lx lordosis ICC (95% CI) = 0.97 (0.92-0.98), SEM
1.7°, MDC 4.71°.

Without hyperkyphosis:

Tx kyphosis ICC (95%Cl) = 0.89 (0.69-0.96), SEM
1.75°, MDC 4.86°.

Lx lordosis ICC (95% CI) = 0.97 (0.93-0.99), SEM
1.41°, MDC 3.91°.

(Lx, lumbar; L, lumbar vertebrae; S, sacral vertebrae; ICC, intra-class correlation coefficient; LBP, lower back pain; NSLBP, nonsignificant lower back pain
group; SLBP, significant lower back pain group; E1, examiner one; E2, examiner two; C, cervical vertebrae; Tx, thoracic; 95%CI, ninety five percent
confidence interval; SEM, standard error of measurement; °, degrees; D1, day one; D2, day two; cm, centimetres; MDC95, minimal detectable change at the
ninety five percent confidence level; SPs, spinous processes; pps, participants; PSISs, posterior superior iliac spines; EM, electromagnetic; T, thoracic
vertebrae; CMC, coefficient of multiple correlation; P, probability value; >, more than; MDCgo, minimal detectable change at the ninety percent confidence
level; AIS, adolescent idiopathic scoliosis; MDC, minimal detectable change.)
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1.2.3.1 Surface measurement methods and reliability

In this section, with the help of external literature; the surface measurement devices
and methods for measuring thoracolumbar curvature are described and critiqued
through evaluation of their advantages and limitations. Following this, the reliability

results of each measurement method is presented and discussed.

All ICC values were interpreted using the classification described by Koo and Li (2016)
where values <0.5 are indicative of poor reliability, values between 0.5 and 0.75
indicate moderate reliability, values between 0.75 and 0.90 indicate good reliability
and values >0.90 indicate excellent reliability. Since ICC values alone do not reveal
absolute differences between measurements; where available, SEM and MDC values
are also presented. This facilitates the application of these reliability estimates to

clinical or research practice.

1.2.3.1.1 Flexicurve

The flexicurve method was first described by Burton (1986). This measurement device
consists of a flexible ruler (Burton 1986; de Oliveira et al. 2012) marked in mm and
centimetre (cm) increments (Burton 1986; Dunleavy et al. 2010). The technique
requires a tester to manually mould the device to the midline contour of the spine
(Burton 1986; Youdas et al. 1995) replicating an individual’s spinal curvature (de
Oliveira et al. 2012). This curve is then carefully traced onto paper where tangents at
known anatomical landmarks are drawn; from which angles can be measured (Burton
1986; Hinman 2004b). The flexicurve has been used in ‘normals’ (Hart and Rose 1986;
Youdas et al. 1995; Dunleavy et al. 2010) and to investigate LBP (Lovell et al. 1989;
Mirbagheri et al. 2015) but not in conditions affecting spinal or trunk shape (e.qg.

scoliosis).

There are no safety concerns related to use of this instrument and it is easy to use;
requiring only a very basic level of understanding of angles (Israel 1959; de Oliveira
et al. 2012). The method involves a multistage process i.e. moulding the curve, tracing
onto paper and then computing the pen and paper calculations. Nevertheless, none
of this is particularly time consuming (Hinman 2004a). The flexicurve is also

inexpensive (Israel 1959; de Oliveira et al. 2012) and allows for the whole spinal region
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to be directly measured. It allows for measurement in the sagittal, frontal and
transverse plane providing different moulds are taken. However, literature mostly
focuses on sagittal measurements (Teixeira and Carvalho 2007) and it is limited to

measuring static postures only.

1.2.3.1.1.1 Test-retest reliability

Excellent test-retest reliability for the flexicurve in standing and forward bending
positions of healthy adult participants has been demonstrated (ICC 0.97) (Hart and
Rose 1986). Good-to-excellent results amongst children for standing thoracic kyphosis
(ICC (95%CI) 0.80 (0.61-0.89), SEM 4.3°) and lumbar lordosis (ICC (95%CI) 0.93
(0.87-0.96), SEM 2.5°) measurements have also been found (Sedrez et al. 2016).

1.2.3.1.1.2 Intra-rater reliability

Intra-rater reliability estimates for flexicurve measurements of lumbar spine curvature
in the standing position are reported as good (ICC (95%CI) 0.78 (0.47-0.92) (de
Oliveira et al. 2012), good-to-excellent (ICC 0.82-0.93) (Youdas et al. 1995),
moderate-to-excellent (ICC 0.73-0.94) (Lovell et al. 1989) (ICC 0.61-0.97) (Dunleavy
et al. 2010) and moderate (ICC (95%CIl) 0.67 (0.36-0.83), SEM 5.7°) (Sedrez et al.
2016). In the same position, flexicurve thoracic kyphosis measurements have findings
of good intra-rater reliability (ICC (95%CI) 0.83 (0.57-0.94)) (de Oliveira et al. 2012),
(ICC (95%CI) 0.82 (0.65-0.91), SEM 4.1°) (Sedrez et al. 2016).

For maximum lumbar flexion in the sitting position, good-to-excellent intra-rater
flexicurve measurements have been demonstrated (ICC 0.84-0.95) (Youdas et al.
1995), whilst excellent reliability has been reported for maximum lumbar extension in
the prone position (ICC 0.96-0.98) (Youdas et al. 1995).

1.2.3.1.1.3 Inter-rater reliability

Inter-rater reliability for standing lumbar curvature measurements made with the
flexicurve have been reported as good (ICC (95%CI) 0.83 (0.60-0.94)) by de Oliveira
et al. (2012). Other studies have found poor-to-moderate lumbar curve inter-rater
reliability estimates (ICC 0.41-0.54) (Lovell et al. 1989), (ICC 0.60-0.73) (Hinman
2004b), (ICC (95%Cl) 0.72 (0.47-0.85), SEM 5.7°) (Sedrez et al. 2016) and (ICC 0.56-
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0.64) for alternative methods of quantifying curvature including lumbar width, lumbar

length and thoracic length measurements (Dunleavy et al. 2010).

Conversely, inter-rater repeatability for flexicurve thoracic kyphosis measurements
were found to be good (ICC (95%CI) 0.83 (0.68-0.91, SEM 4.1°) (Sedrez et al. 2016)
and excellent (ICC (95%CI) 0.94 (0.87-0.98) (de Oliveira et al. 2012) in normal
standing positions; as well as excellent in relaxed (ICC 0.94) and erect (ICC 0.93)
standing postures (Hinman 2004b). In addition, good reliability is demonstrated in
thoracic width (ICC (95%CI) 0.72 (0.33-0.87)) and total thoracolumbar length (ICC
(95%CI) 0.71 (0.13-0.89)) flexicurve measurements (Dunleavy et al. 2010).

1.2.3.1.1.4 Measurement errors

Both Sedrez et al. (2016) and Dunleavy et al. (2010) reported flexicurve SEM
estimates. Depending on the region and analysis conducted, measurement errors
varied from 2.5° to 5.7° for Sedrez et al. (2016).

Comparatively, Dunleavy et al. (2010) calculated SEM for the examiner with the
highest mean square error and expressed SEM in absolute units as well as the
percentage of the mean of the variables. Measurement error was moderate-to-high for
thoracic width (SEM 0.48cm, %SEM 14.8%), lumbar length (SEM 1.93cm, %SEM
17.3) and lumbar width (SEM 0.35cm, %SEM 24.7%) but low for total length (SEM
0.58, %SEM 1.2%) and thoracic length (SEM 2.00cm, %SEM 2.4%) (Dunleavy et al.
2010). Additionally, Dunleavy et al. (2010) presented the MDC95. These values were
high for width and length measurements of both thoracic and lumbar regions (MDC95
17-68%) (Dunleavy et al. 2010). As an example, the MDC95 value for thoracic length
in standing was 5.55cm (Dunleavy et al. 2010). This means that with 95% confidence,
a change greater than 5.55cm constitutes real change beyond natural variation

expected with repeated flexicurve measurements.

In summary, it seems that the flexicurve is a reliable method of measuring spinal
curvature in flexion, extension and standing of both the lumbar and thoracic spine.
However, slightly lower reliability was determined between raters, especially for

lordosis; with SEM values ranging from 1% to 25%. Therefore, the reliability seems to
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be dependent on the operator and specific method employed to complete the

measurement.

1.2.3.1.2 Spinal Mouse

The spinal mouse is a wheeled accelerometer device that works by taking the angle
of the acceleration axis, relative to gravity, to provide the inclination or tilt angle and,
uses double integration of acceleration to provide vertical distance travelled down the
spine. Whilst the operator rolls the device over the spinous processes of the back,
data is sampled every 1.3mm (Mannion et al. 2004) and transferred from the spinal
mouse to a computer (Livanelioglu et al. 2016). Therefore, at each moment, the
computer software receives the change in location of the device vertically and the tilt
angle. This data is then used to calculate the relative location of each spinous process
and the angle between relative spinous processes as well as, the total angle in the
frontal and sagittal planes (Livanelioglu et al. 2016). Such a device has been used in
‘normals’ (Mannion et al. 2004), in those with LBP (Topiladou et al. 2014) and also, in

individuals with scoliosis (Livanelioglu et al. 2016).

The spinal mouse is completely safe and is of a moderate cost (around £7000). It is
very simple to use, requiring the operator to slowly roll the device down the back;
providing immediate quantification of curvature (Post and Leferink 2004).
Furthermore, it is able to measure the whole spine directly in the frontal and sagittal
planes (Mannion et al. 2004; Post and Leferink 2004). Nonetheless, it is unable to
measure dynamic motion. Additionally, there are some well understood issues with
using accelerometers to measure distance due to mathematical integration
succumbing to drift (Luinge and Veltink 2005; Luczak et al. 2017; Chandel and Ghose

2018) which may affect the devices accuracy.

1.2.3.1.2.1 Intra-rater reliability

In the sagittal plane, spinal mouse intra-rater reliability for thoracic curvature
measurements were reported in the standing (Mannion et al. 2004) or upright position
(Topiladou et al. 2014) as moderate for healthy participants between-day (ICC
(95%CI) 0.73 (0.43-0.89), SEM 4.2° examiner 1; 0.88 (0.67-0.94), SEM 2.8° examiner
2) (Mannion et al. 2004) and excellent within-day for participants with back pain (ICC
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(95%CI) 0.96 (0.92-0.98), SEM 1.08°) (Topiladou et al. 2014). For the same positions,
lumbar curvature measurements also yielded excellent repeatability between-day
(ICC (95%CI) 0.90 (0.75-0.96), SEM 2.5° examiner 1; 0.92 (0.80-0.97), SEM 2.4°
examiner 2) (Mannion et al. 2004) and within-day (ICC (95%CI) 0.99 (0.97-0.99), SEM
0.39°) (Topiladou et al. 2014).

Three studies investigated the intra-rater between-day reliability of sagittal curvatures
in flexion and extension positions (Mannion et al. 2004; Topiladou et al. 2014; Roghani
et al. 2017). Roghani et al. (2017) reported combined ICC values for sagittal plane
neutral standing, flexion and extension postures with the spinal mouse. They found
excellent intra-rater repeatability in thoracic (ICC (95%CIl) 0.94 (0.86-0.98), SEM 1.6°,
MDC 4.3°) and lumbar (ICC (95%CIl) 0.97 (0.92-0.98), SEM 1.7°, MDC, 4.7°)
measurements of hyperkyphotic women and in lumbar lordosis measurements of
healthy women (ICC (95%CI) 0.97 (0.93-0.99), SEM 1.41°, MDC 3.91°) (Roghani et
al. 2017). However, thoracic kyphosis measurements amongst the latter group yielded
only good reliability (ICC (95%CI) 0.89 (0.69-0.96), SEM 1.75°, MDC 4.86) (Roghani
et al. 2017).

For flexion positions, moderate (ICC (95%CI) 0.67 (0.32-0.86), SEM 5.5° examiner 1)
(Mannion et al. 2004) and good (ICC (95%CIl) 0.86 (0.67-0.94), SEM 3.9° examiner 2)
(Mannion et al. 2004), (ICC (95%CI) 0.88 (0.75-0.94), SEM 2.74°) (Topiladou et al.
2014) intra-rater reliability was found for sagittal thoracic curvature measurements
between- and within-day; whilst measurements of lumbar curvature yielded good (ICC
(95%CI) 0.85 (0.66-0.94), SEM 3.2° examiner 1) (Mannion et al. 2004) and excellent
reliability (ICC (95%CI) 0.91 (0.79-0.97), SEM 3.0° examiner 2), (ICC (95%Cl) 0.99
(0.98-1.0), SEM 0.32°) (Topiladou et al. 2014).

In extension, Mannion et al. (2004) reported good intra-rater reliability of spinal mouse
measurements between-day for both thoracic (ICC (95%CIl) 0.76 (0.47-0.90), SEM
6.2°;, 0.78 (0.52-0.91), SEM 4.6°) and lumbar (ICC (95%CI) 0.80 (0.53-0.92), SEM
4.5° 0.78 (0.52-0.91), SEM 4.6°) curvature in healthy participants, whereas excellent
repeatability within-day (ICC (95%CI) 0.97 (0.94-0.99), SEM 0.98°; 0.96 (0.92-0.98),
SEM 1.0°) was demonstrated by Topiladou et al. (2014) in participants with back pain.
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Intra-rater reliability of frontal plane spinal mouse curvature measurements were
reported in two studies. Livanelioglu et al. (2016) demonstrated excellent within-day
intra-rater reliability of thoracolumbar measurements in the standing upright position
for adolescent idiopathic scoliosis (AIS) subjects ((ICC (95%CIl) 0.96 (0.93-0.98); 0.94
(0.90-0.97)). Conversely, in participants with back pain, good repeatability was shown
for thoracic curvature measurements in an upright position (ICC (95%CI) 0.86 (0.70-
0.93), SEM 1.63°) and in LLB and RLB (ICC (95%CI) 0.90 (0.78-0.95), SEM 2.84°;
0.87 (0.73-0.94), SEM 2.59°) (Topiladou et al. 2014). For lumbar curvature in upright,
RLB and LLB positions, moderate (ICC (95%CI) 0.75 (0.48-0.88), SEM 1.71°), good
(ICC (95%CIl) 0.90 (0.80-0.94), SEM 1.56°) and excellent (ICC (95%CI) 0.93 (0.85-
0.96), SEM 1.0°) reliability estimates were respectively demonstrated (Topiladou et al.
2014).

1.2.3.1.2.2 Inter-rater reliability

One study explored sagittal plane inter-rater reliability of the spinal mouse in healthy
participants during standing, flexion and extension postures (Mannion et al. 2004).
Two examiners measured each position three times for all participants on two separate
testing days and reported the reliability between raters on both day one and day two
of testing (Mannion et al. 2004). On day one, good inter-rater repeatability was seen
for both thoracic and lumbar curvature measurements in standing (ICC (95%Cl) 0.87
(0.70-0.95), SEM 2.7°; 0.87 (0.69-0.95), SEM 2.8°) and flexion (ICC (95%CI) 0.83
(0.61-0.93), SEM 4.3° 0.85 (0.65-0.94), SEM 3.7°) (Mannion et al. 2004). However, in
extension good reliability was only seen in lumbar measurements (ICC (95%CI) 0.88
(0.72-0.95), SEM 3.1°); with thoracic curvature yielding moderate results (ICC (95%CI)
0.64 (0.27-0.84), SEM 7.0°) (Mannion et al. 2004). In comparison, spinal mouse inter-
rater reliability on day two was more varied. Excellent repeatability was demonstrated
in standing lumbar curvature measurements (ICC (95%¢CI) 0.93 (0.83-0.97), SEM 2.2°)
whereas, standing and extension thoracic and flexion and extension lumbar curvatures
saw good results (ICC (95%CIl) 0.83 (0.62-0.93), SEM 3.3°;, 0.79 (0.54-0.92), SEM
5.0°; 0.87 (0.70-0.95), SEM 3.3° 0.90 (0.75-0.96), SEM 3.5°) and moderate reliability
was reported for thoracic curvature in flexion (ICC (95%CI) 0.70 (0.38-0.87), SEM 5.2°)
(Mannion et al. 2004).
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Livanelioglu et al. (2016) was the only study to investigate inter-rater reliability of spinal
mouse thoracolumbar measurements in the frontal plane. In the standing upright
position of participants with AIS they found excellent reliability between measurements
taken on the same day by two therapists (ICC (95%CI) 0.93 (0.87-0.96)) (Livanelioglu
et al. 2016).

1.2.3.1.2.3 Measurement errors

According to the SEM values in Roghani et al. (2017), for both hyperkyphotic and non-
hyperkyphotic women, a change in kyphosis angle of >2° measured with the spinal
mouse would be beyond the SEM. However, their MDC values illustrate a change >5°

to 6° would represent true change beyond natural variability (Roghani et al. 2017).

For Mannion et al. (2004) the intra-rater between-day SEM ranged between 2.4° to
6.2° whereas, the inter-rater SEM ranged from 2.2° to 7.0°. The highest SEM was
reported for thoracic curvature measurements in extension (6.2° intra-rater SEM
examiner 1; 7.0° inter-rater SEM day 1) (Mannion et al. 2004). Notably, intra- and inter-
rater curvature SEMs made in standing were particularly low (2.2° to 4.2°) (Mannion
et al. 2004), indicating that the spinal mouse represents a sensitive instrument for
investigating changes in standing sagittal spinal profile (Mannion et al. 2004). For
example, the MDC for standing lumbar curvature is 6.9° (examiner 1) and 6.7°
(examiner 2). This means that if a change of >6.7° occurred after a given intervention,

this would represent true change at the 95% confidence level.

Overall, it appears the spinal mouse demonstrates reliability in standing and upright
postures as well as flexion and extension positions in both the sagittal and frontal
plane. However, within-day measurements have slightly higher reliability than
between-day. Additionally, between-raters, it seems sagittal thoracic curvature
measurements in flexion and extension positions have the lowest reliability. Sagittal
thoracic curvature in extension also yielded the highest SEM, whilst standing sagittal
SEMs remained low between 2.2° and 4.2°. As a result, it suggests reliability of the
spinal mouse is affected by the time interval between measurements as well as the
position and region of interest measured. Therefore, individuals planning to utilise this
method should seek out specific reliability estimates for the region and movement

planned.
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1.2.3.1.3 Inclinometer

Inclinometers have a flat base that measure inclination proportional to the angle
between the flat base and the vertical (Adams et al. 1986). For manual devices, the
operator places the feet of the inclinometer over spinous processes and records
directly the tilt angle relative to the vertical (Lewis and Valentine 2010). The operator
has the freedom to acquire the absolute angle (relative to vertical) or take two (or
more) measures and compute the relative angle (resultant angle between two tilt
angles). Such a device has been used in ‘normals’ (Czaprowski et al. 2012; Was et al.
2016) and on those with LBP (Kluszczynski et al. 2017) but not in individuals with

alterations to spinal/trunk shape (e.g. scoliosis).

These devices afford cheap, quick and simple posture analysis (Barrett et al. 2018)
and both manual and digital inclinometers are available. Nevertheless, dynamic
measurements are not possible with this device and multiple readings are required to

provide measures of curvature along the spine.

1.2.3.1.3.1 Test-retest reliability

Was et al. (2016) and Macintyre et al. (2014) researched the between-day test-retest
reliability of the inclinometer in standing. In 20 healthy participants reliability estimates
were moderate-good (ICC 0.70-0.90) with lumbar lordosis measurements yielding
better reliability (ICC 0.90) than thoracic kyphosis measurements (ICC 0.80) (Was et
al. 2016).

Conversely, amongst a sample of individuals at risk of osteoporotic fractures,
Macintyre et al. (2014) found almost identical reliability for thoracic angle
measurements (ICC (95%CI) 0.91 (0.84, 0.95)) and lumbar angle measurements (ICC
(95%CI) 0.90 (0.82, 0.95)). Small SEM (2.9° lumbar, 3.5° thoracic) was also reported
for the inclinometer when measures of standing posture were performed by the same
rater (Maclntyre et al. 2014).

1.2.3.1.3.2 Intra-rater reliability

In Czaprowski et al. (2012) study, one investigator performed a spinal curvature

measurement of 30 healthy participants in standing one week apart to assess
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between-day intra-rater reliability. They found no statistically significant difference
(p>0.05) between measurements made on the two separate occasions. Moreover,
measurement errors performed by the same examiner were low (2.8°-3.8°) indicating
good sensitivity of the inclinometer for spinal curvature measurements in the standing

position.

Lewis and Valentine (2010) investigated within-day intra-rater reliability of thoracic
kyphosis inclinometer measurements in participants with and without shoulder pain.
One examiner took a set of three measurements in a relaxed standing position on two
occasions on the same day. Reliability estimates produced were excellent (ICC
(95%CI) 0.97 (0.95-0.99); 0.97 (0.94-0.98)) for both groups. What is more, the SEM
results based on the ICC average data for the combined T1/2 and T12/L1 (kyphosis)
measurement was 1.0° for participants without upper body symptoms and 1.7° for
those with symptoms (Lewis and Valentine 2010). These SEM findings suggest there
may be less error associated with the inclinometer method when the mean of three

measurements is employed (Lewis and Valentine 2010).

1.2.3.1.3.3 Inter-rater reliability

Inter-rater reliability for the inclinometer method was investigated by Czaprowski et al.
(2012). Three investigators performed curvature measurements three times within-day
for healthy participants in standing. No significant difference was found between raters
for thoracic kyphosis measurements (p=0.37) but a significant difference was revealed
for lumbar lordosis (p=0.02) (Czaprowski et al. 2012). Reliability estimates were
reported using cronbach’s alpha where a value closer to 1 demonstrates greater
similarity between raters. For angle measurements, Cronbach’s alpha was 0.87 for
lumbar lordosis and 0.83 for thoracic kyphosis (Czaprowski et al. 2012). This indicates
that inclinometer measurements taken by more than one investigator have good

reliability (Czaprowski et al. 2012).

Altogether, it suggests the inclinometer is a reliable method for measuring spinal
curvature in standing when performed by the same rater. Moreover, it seems that
higher intra-rater reliability and lower SEM is seen when the mean of three
measurements is employed. Nevertheless, measurements may be less reliable

between raters particularly for lumbar lordosis. Furthermore, information concerning
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the reliability of the inclinometer in positions other than standing is not included; thus

highlighting an important limitation to this review.

1.2.3.1.4 Electromagnetic tracking

EM tracking systems involve a source that emits electromagnetic energy, and a sensor
that records position and orientation information (Fenster et al. 2001) relative to the
source (Parent 2012; Preim and Botha 2014). It has the capacity to provide both 3-D
coordinates (for location) and 3-D angles (orientation); making it a true six degrees of
freedom (6DOF) system. There are two distinct modes of use in the literature. The first
involves attaching multiple sensors to the skin from which orientation (or tilt)
information is provided and used to calculate curvature (Parkinson et al. 2013). This
method is commonly researched in ‘normals’ (Parkinson et al. 2013) and in individuals
with LBP (Pourahmadi et al. 2018), but not people with alterations in spinal/trunk
shape (e.g. scoliosis). The second method involves using the sensor as a 3-D pen
from the coordinates of location relative to the source (spinal sweep method). This
involves the operator slowly tracing the sensor along the spinous processes; gathering
location data in 3-D (Singh et al. 2010; Gonzalez-Sanchez et al. 2014). This approach
has been used in ‘normals’ and in individuals classified as obese or elderly (Singh et
al. 2010; Gonzalez-Sanchez et al. 2014).

An EM tracking system is non-invasive, safe and costs between £2000 and £6000
depending on the number of sensors required. Attachment of the sensors and
computing of angles is relatively simple with single plane measurement, involving just
simple angle subtraction. However, this is not done within the EM software, but it is
easy to complete in other applications including microsoft excel for example.
Furthermore, although tracing of spinal shape is quick to complete and very simple,
the computations are more complex since no software is available with this ‘built in’.
Even so, a routine in MATLAB (Mathworks 2019), or similar, will produce a result

almost immediately.

The EM spinal tracing method collects data for the whole spine directly but it does not
allow for dynamic motion capture. Comparatively, the orientation method, with multiple
sensors, provides information for the regions covered by the sensors. Therefore, the

more sensors used, the better the coverage of direct measurement. With this set up,
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truly dynamic curvature measurement is possible but a large number of sensors would

be required to cover the whole thoracolumbar spine which adds expense.

In addition, several important limitations are documented in the literature and apply to
both methods. Firstly, although the device is portable, it has an optimum operational
zone (Franz et al. 2014) which is around 220mm?3 to 720mm? from the source (Milne
et al. 1996; Bull and Amis 1997). Outside of this region, consequences in positional
and orientation accuracy are noted (Schuler et al. 2005) unless increases in power
output occur (Bull and Amis 1997). As a result, data collection is constrained and the
systems use in more dynamic settings is limited. Moreover, the systems operating
accuracy can be significantly affected by metallic interference (Milne et al. 1996;
Burnett et al. 2004; Ng et al. 2009; Franz et al. 2014) highlighting another source of

error.

1.2.3.1.4.1 Electromagnetic tracking (spinal sweep method)

1.2.3.1.4.1.1 Intra-rater reliability

Singh et al. (2010) investigated spinal shape using the sweep method in 52 healthy
participants. They found intra-tester within-day repeatability of the EM sweep method
was excellent for thoracic kyphosis and lumbar lordosis measurements in standing
(ICC (95%CI) 0.93 (0.88-0.95) and 0.98 (0.96-0.98) respectively) (Singh et al. 2010).
These measurements also had small SEMs (1.6° thoracic kyphosis and 1.5° lumbar
lordosis) indicating there is a high precision of sagittal curvature measurements with
EM tracking (Singh et al. 2010). In addition, reliability estimates for lateral curvatures
at thoracic and lumbar regions were reported as good (ICC (95%Cl) 0.75 (0.61-0.85),
SEM 1.04° 0.84 (0.85-0.91), SEM 0.56°) suggesting the instrument is still highly
reliable for extremely small curvatures (Singh et al. 2010).

In a follow up study, Gonzalez-Sanchez et al. (2014) analysed thoracolumbar
curvatures in normal weight and obese participants during standing. They chose to
present reliability using cronbach’s alpha. Findings showed spinal segment angles had
cronbach’s alpha coefficients ranging from 0.90-0.92 in the sagittal plane and from
0.82-0.86 in the coronal plane indicating high intra-rater reliability within-day
(Gonzalez-Sanchez et al. 2014).
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To summarise, the EM tracking system using the spinal sweep method has
demonstrated intra-rater reliability in the sagittal and frontal plane during standing with
very low SEMs indicating high absolute reliability. Nonetheless, this method has only
been explored in standing. Consequently, the review is limited to this literature and it
Is not known as to the repeatability of this method between-day, between-raters or in

different positions.

1.2.3.1.5 Fibre-optic

Fibre-optic devices utilise light as their method of measuring curvature. A string of
sensors is placed along a ribbon core and the intensity of light received by a sensor is
modulated by the degree of bend thus, producing a curve (Williams et al. 2010). The
fibre-optic ribbon is attached to the skin over S2 and the ribbon lies along the spine up
to and past T1. It has a number of sensors along its length, thereby enabling the

participant to move and for the shape of the spine to be determined.

The fibre-optic ribbon is safe to use, non-invasive and radiation free. It is also relatively
cheap (£5000) but its availability is currently highly limited (Williams et al. 2010). The
challenges to its use include fixing the reference sensor and providing adequate
attachment, to enable movement, whilst also keeping the ribbon flush to the spine.
Once these are solved, it is simple to use (Cloud et al. 2014) and curvature measures
are available directly from the software. As the ribbon spans the length of the spine, it
allows capture of whole spine curvature and can provide dynamic measurements
(Williams et al. 2010; Williams et al. 2012). Nonetheless, this system is limited to the
sagittal plane (Cloud et al. 2014). Such a system has been used in ‘normals’ (Williams
et al. 2010) and in individuals with LBP (Williams et al. 2012; Williams et al. 2013) but

not people with altered spinal/trunk shape (e.g. scoliosis).

1.2.3.1.5.1 Repeated measures reliability

Williams et al. (2010) used a fibre-optic based system to measure sagittal curvature
of the whole and lower lumbar spine in 13 healthy participants. They calculated the
coefficient of multiple correlation (CMC) to determine the similarity between three
repeated movement trials of flexion and lifting. When curves are similar, CMC values

are closer to 1. In this study, the fibre-optic system showed excellent similarity for
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repeated measures of whole lumbar spine and lower lumbar spine curves in flexion
and lifting movements (mean CMC = 0.97-0.98) (Williams et al. 2010). Accuracy of the
fibre-optic system, as measured by the absolute mean difference for the peak
curvature, for the whole lumbar spine was 2.3° £ 2.3° and 2.5° + 2.7° and for the lower
lumbar spine 2.7° £ 2.2° and 2.3° + 2.0° during flexion and lifting movements

respectively.

In their follow up study, Williams et al. (2012) used a fibre-optic device to measure
curvature through time during flexion, lifting and extension movements in acute and
chronic LBP sufferers. The mean CMC values were found to be excellent (0.81-0.97)
across all movements and regions of the lumbar spine with small variability (Williams
et al. 2012). Additionally, ICC values were excellent for all repeated movement trials
(0.99) and absolute mean differences demonstrated small differences between

repeated measurements (<2° for flexion, lifting and extension) (Williams et al. 2012).

In summary, Williams et al. (2010) and Williams et al. (2012) indicate the high reliability
of repeated measures of fibre-optic methods in measurements of sagittal lumbar
curvature in both healthy and back pain populations during dynamic movement.
However, this method has received little exploration in the literature for measurements
of spinal curvature. Therefore, limited research exists resulting in eligible studies

investigating only the repeated movements of lumbar curvature measurements.

1.2.3.1.6 3-D depth camera (Kinect)

This device is a portable video game accessory that combines a video, infrared-
sensing camera and infrared-transmitter (Castro et al. 2017; Quek et al. 2017). It
acquires a two-dimensional representation of shape with the addition of depth, to yield
3-D coordinates (Castro et al. 2017; Mentiplay et al. 2013). From these coordinates, a
virtual spinal curve can be created, and tangents can be used to determine curvature

at specific points along the curve.

This technology is safe, remains affordable (£100) and is readily accessible (Mentiplay
et al. 2013; Quek et al. 2017). In addition, images obtained can be processed within
seconds, with almost instant results (Quek et al. 2017). However, identifying

landmarks and obtaining curvature measurements takes longer and requires a specific
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programme to be developed (Castro et al. 2017). The whole spine is able to be
captured with this technology, enabling direct measurement of any thoracolumbar
spinal region. Even so, the system requires calibration before use or a designated

assessment area; highlighting further limitations (Quek et al. 2017).

1.2.3.1.6.1 Intra-rater reliability

One study eligible for this review investigated the intra-rater reliability of this 3-D depth
and image camera (Quek et al. 2017). Three measurements of 33 healthy participants
were taken in the standing and sitting positions with 29 participants returned within
one to seven days to be re-examined. Thoracic kyphosis angle measured in each
position demonstrated good-to-excellent reliability (ICC (95%CI) 0.96 (0.92-0.98); 0.81
(0.60-0.91)) (Quek et al. 2017). SEMs close to 1° (0.69° and 1.07°) (Quek et al. 2017)
were also reported indicating high absolute reliability of the Microsoft Kinect for

thoracic curvature measurements in standing and sitting postures.

Altogether, this 3-D depth and image camera method has demonstrated intra-rater
reliability for thoracic kyphosis measurements between-day. Nevertheless, this is a
fairly novel method in relation to spinal curvature measurements thus, little research

exists investigating its use in other spinal regions, populations and postures.
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1.2.4 Conclusion

This scope of the literature reviewed the existing methods of spinal surface curvature
measurements. The advantages and limitations of these various techniques are
outlined, and their reliability discussed. It is evident that there are multiple reliable
methods to measure thoracolumbar surface curvature available. However, it is also
clear that each method has inherent limitations and not one method will suit all
applications. Consequently, caution is advised when choosing a method to consider
its limitations, its relative reliability and its error estimates in order to determine if the

desired method is sensitive enough to meet the needs of the specific application.

Furthermore, from this scoping review it also apparent that whilst many devices and
options are available for detecting spinal shape or curvature, few have extended these
methods to include measurement of trunk shape or shape assessment in individuals
with altered trunk shape, for instance those with scoliosis. Current practice for
measuring trunk shape in individuals with such conditions is often the domain of
radiography, where repeated radiation exposure is a significant limitation. Therefore,
future work should look to extend the knowledge of spinal shape measurement,
beyond that of just the spine, to include the shape of the trunk. Resultantly, offering a
non-radiation exposure method of assessing trunk shape and importantly, changes in

trunk shape.
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1.2.5 Summary

What is known?
Various reliable surface measurement methods exist for assessment of spinal shape
in thoracic and lumbar regions.

Each method has inherent limitations so not one method suits all applications.

What is not known?
The reliability of these measurement methods in populations with altered spinal
shape.

Whether these methods can be used to measure trunk shape.

Future work:

Further work is required to extend these measurement methods beyond that of
spinal shape to include trunk shape.

Investigation into the consistency of these methods for measuring trunk and spinal
shape should be investigated.

Studies should also aim to apply these methods in populations with altered

spinal/trunk shapes.
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1.3 Statement of the problem

Spinal disorders are a leading source of disability worldwide and one of the most
common and costly complaints in clinical practice (Martin et al. 2008; Raciborski et al.
2016). This class of diseases has a broad scope and many of these pathologies are
reported as LBP irrespective of actual diagnosis or cause (Raciborski et al. 2016). The
prevalence of LBP is widely documented in the literature with lifetime rates of 50-85%
(Hoy et al. 2010). Whilst the epidemiology of specific spinal-related disorders are less
frequently studied, prevalence estimates have been reported as 6% for spondylolysis
(Kalichman et al. 2009), 10.3% for osteoporosis (Wright et al. 2014) and 11-38% for
lumbar spine stenosis (Jensen et al. 2020). Furthermore, research has identified a
prevalence of >8% for scoliosis related deformities in adults and this rises considerably
up to 68% in populations over the age of 60 (Schwab et al. 2005; Konieczny et al.
2013). To this end, spinal-related pathologies are one of the most common reasons
for an individual to seek medical attention, impacting the consumption of resources
more than any other health problem (Haldeman et al. 2012; Ramdas and Jella 2018).
In the United Kingdom alone, the direct cost of back related pain exceeds £1 billion
per year whilst the indirect cost is estimated to be significantly higher (Maniadakis and
Gray 2000; Maetzel and Li 2002).

Previous research has linked spinal-related disorders to impairments of posture,
function and kinematics (Schmid et al. 2015; Kuwahara et al. 2016; Christe et al. 2017;
Chun et al. 2017). As a result, clinical examinations of such pathologies routinely
involve the measurement of spinal curvature and trunk posture (Vrtovec et al. 2009;
Pazos et al. 2007; Fortin et al. 2011). This helps identify the disorder, facilitates the
monitoring of disease evolution and provides the basis for evaluating interventions (de
Oliveira et al. 2012; Plaszewski et al. 2012). Consequently, measurement techniques

for spinal and trunk posture are important tools required for clinicians.

Nevertheless, current practice is mostly based on subjective impressions including
simple visual analysis which is difficult to compare amongst clinicians (Pazos et al.
2007; Fortin et al. 2011 de Oliveira et al. 2012). Alternatively, for quantifiable
measures, reliance remains on radiographic evaluation which has been the gold-
standard since the 1930s (Fortin et al. 2011; de Oliveira et al. 2012). Despite its

confirmed validity, radiographs are expensive, invasive, not easily accessible and
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involve exposure to radiation (Fortin et al. 2011; de Oliveira et a. 2012). They are also
mostly used to verify bony structures or spinal alignment (Fortin et al. 2011).
Consequently, radiographic evaluation is not suitable for repeated measurements
over-time and provides limited analysis. As highlighted in the scoping review of
literature; low-cost, reliable instruments have also been developed but these surface
methods are significantly limited by their inability to detect posture beyond spinal

shape.

To assess, treat and truly understand disorders that effect both the spine and trunk,
analysis of spinal shape on its own is insufficient. For this reason, it is well recognised
that there is a clinical need for a measurement method that can be used to assess,
and monitor changes to, an individual’'s spinal and trunk shape without involving
exposure to radiation. This measurement method must be reliable, of an acceptable
cost and relatively simple to use if it is to be appropriate for a clinical setting.
Eventually, this could offer a reliable, non-ionizing method for quantifying spinal and

trunk shape in-vivo that could be appropriate for routine clinical use.

1.4 Need for the study

In order for this development to occur, future research should work towards the
application of surface curvature measurement methods in assessment of the whole
trunk and determine the consistency of these measurements before exploring this in
‘normals’ and those with altered trunk shape. However, the limitations, relative
reliability and error estimates documented in the literature for surface curvature
measurement methods of thoracolumbar shape need to be considered for these future

applications.

This project will attempt to extend the current capacity of curvature measurement to
resolve the insufficiencies identified in the review of literature whilst also, meeting the
clinical needs outlined above. The working title of this project is: ‘Measuring spinal and

trunk shape using an electromagnetic sensor.’

This project has the following objectives:
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. Develop a method for measuring spinal and trunk shape utilising an EM tracking
device, building on previous work of Singh et al. (2010) and Gonzalez-Sanchez
et al. (2014).

2. Provide proof of concept of this method in determining spinal and trunk shape.

3. Determine the validity and reliability of this method.

4. Explore the optimal data processing for this method and make

recommendations based on these findings.
. Determine the capacity of this method to detect alteration in spinal and trunk

shape.
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Chapter 2. Development of Methods

The following section outlines how some of the additional methods specific to this

thesis were developed. The aims were as follows:

e Determine whether the testing environment was suitable for data collection.

e Describe the development of the probe and the results pertaining to correction
of orientation data for the probe.

e Demonstrate the functionality of the equipment and method to trace shapes
different to those documented in the literature, including the tracing of whole

trunk shape.

2.1 Instrumentation

2.1.1 Electromagnetic tracking system

An EM tracking system (Patriot, Polhemus, Vermont, US) was selected to map the 3-
D shape of the spine and trunk. This system was chosen based on two specific
aspects. Firstly, the review above demonstrated that many surface measurement
methods have critical limitations. The flexicurve method is limited to just the points
measured by the instrument. Therefore, to ‘cover’ the trunk would require many
measurements and be extremely time consuming. This is also true of the inclinometer
method, ruling this out. Equally, the fibre-optic method and Kinect method remain in
their infancy and without significant computing input; computation remains non-
automated and experimental. Furthermore, although the spinal mouse is very
promising, it is constrained by the operating software to work only as specifically
designed. This means extending measurements to other regions of the trunk and
across the trunk are currently beyond the measurement capacity of the device. In view
of these limitations, the spinal sweep method utilising an EM sensor operating as a 3-
D pen or probe, which has been developed in earlier work, provides the greatest

opportunity to extend spinal shape measurements to include trunk shape.

The second reason an EM system was chosen is because it delivers 6DOF tracking
thus, providing both positional and orientation information needed to complete the

tracing of spinal and trunk shape. The Patriot sensor system (Polhemus, Vermont, US)
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Is one example of an EM system consisting of a systems electronics unit, one standard
sensor and one source (Polhemus 2020a). There is also the option of adding one
additional sensor to expand the systems tracking capabilities (Polhemus 2020a). The
source is placed at a fixed location where it emits an EM field and tracks the sensors
within this field; recording the position and orientation data of the sensor in real time
(Parent 2012; Preim and Botha 2014; Polhemus 2020a).

The static accuracy of the system provided by the manufacturer is 1.5mm RMS for the
X,¥,z position and 0.40° RMS for sensor orientation (Polhemus 2020a). However,
some drawbacks relating to the range and accuracy of the magnetic field are
documented in the literature. As a result, a study was conducted to ensure the

proposed testing environment was appropriate for data collection.

2.1.2 Electromagnetic interference study

2.1.2.1 Introduction

The use of EM sensors is associated with several limitations including metallic
interference (Milne et al. 1996; Burnett et al. 2004; Ng et al. 2009; Franz et al. 2014)
and optimum operational zones (Milne et al. 1996; Bull and Amis 1997; Schuler et al.
2005; Franz et al. 2014). These limitations are important considerations for data

collection as they also represent key sources of error.

Research has shown that an EM systems operating accuracy is related to the
presence of metal and metallic interference (Milne et al. 1996; Franz et al. 2014). This
effect appears not to be universal across all metals, explaining the conflict of effect in
the literature. Yet when evident, metallic interference can significantly affect
measurements taken by the EM device (Milne et al. 1996; Burnett et al. 2004; Ng et
al. 2009; Franz et al. 2014).

In addition, as an EM device’s source emits EM energy, it creates an operational zone
(Franz et al. 2014). This zone is a cubic area around 220mm?3 to 720mm? from the
source that the EM tracking system is designed to operate within (Milne et al. 1996;
Bull and Amis 1997). If data is measured outside of this region then increases in power

output are necessary (Bull and Amis 1997) otherwise, consequences are noted in
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positional and orientation accuracy (Schuler et al. 2005). This indicates that the
usefulness of the EM system for more dynamic applications is limited, constraining

data collection to within this optimum operational range.

In light of these limitations, a study investigating the metallic interference and optimum
operational zone for the EM tracking sensors in the proposed testing environment was

conducted.

2.1.2.2 Methods

Aim: ensure testing environment is suitable for EM tracking system data capture and

identify key sources of error in EM testing equipment.

Equipment:
e Laptop with EM Tracker Config software downloaded.
e Electromagnetic tracking system: systems electronics unit, source and sensor.
e Double sided sticky tape.
e Polystyrene surface piece.

e \Wooden stool.

Laptop with ‘Pl tracker
software’ downloaded

Electromagnetic
systems electronics
unit

Electromagnetic
source

Polystyrene piece

Electromagnetic

Wooden stool sensor

Figure 3 — Equipment set up and testing environment
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The sensor and source were set up as shown in Figure 3. Data were captured
pertaining to the location and orientation of the sensor relative to the source for 20-30
seconds and stored for analysis. The testing ‘environment’ was then ‘manipulated’ to
explore the effect of various configuration on data stability. Manipulation can be seen

in table 11 where condition 1 and 2 served as the control.

Table 11. Description of each test condition

Condition Description
1 Source and sensor static on polystyrene surface on wooden stool.
2 Source and sensor static on polystyrene surface on wooden stool.
3 Source and sensor static on polystyrene surface on wooden stool. Wooden stool

moved around room.

4 Source and sensor static on polystyrene surface. Polystyrene surface moved

around room.

5 Source and sensor static on polystyrene surface. Polystyrene surface moving

around wooden stool.

2.1.2.3 Results

Table 12 shows the average and mean (standard deviation (sd)) of data for each DOF

measurement during conditions 1 to 5.

In condition 1, the sd was higher than expected for yaw therefore, this exact condition
was repeated (condition 2). This repeat occurred 10 minutes later. The sd value for
yaw in condition 1 was 173.0° whereas, in condition 2 it was 0.003°. The variation in

yaw during condition 1 is depicted in Figure 4.

For conditions 2 to 5, the sd of all location measurements were <0.06inch (<1.5mm)

and for orientation were <0.549°.

2.1.2.4 Discussion

Even though the source and sensor were both static in condition 1, there was high
variation in yaw taken by the EM device as illustrated in figure 4. Evidence has

suggested that ambient temperature can cause error in sensor and measurement
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Figure 4. Variation in yaw during condition 1

Table 12. The mean and standard deviation measurements for each test condition

Degree of freedom measurement

Distance (inches) Orientation (degrees)

Condition | Statistic X Y z Yaw Pitch Roll
1 Mean 10.597 -0.314 | 0.242 -49.804 | 2.835 | -1.430
sd 0.001 0.002 0.002 173.009 | 0.029 | 0.002
2 Mean 10.598 | -0.312 | 0.245 | -179.981 | 2.862 | -1.435
sd 0.000 0.000 | 0.000 0.003 0.005 | 0.002
3 Mean 10.733 | -0.160 | 0.109 | 178.657 | 4.425 | -1.256
sd 0.007 0.003 | 0.026 0.026 0.295 | 0.024
4 Mean 10.713 -0.202 | 0.028 178.635 | 3.617 | -0.116
sd 0.013 0.016 | 0.052 0.047 0.544 | 0.554
5 Mean 10.528 0.860 0.278 | -177.676 | 2.076 | -0.764
sd 0.010 0.008 | 0.058 0.057 0.500 | 0.100

(sd, standard deviation)

system results (Parent 2012; Zhang et al. 2018). Since condition 1 was conducted
almost immediately after the EM device had been switched on, it is possible that
temperature changes explain these findings. Furthermore, the low sd seen in condition
2 for the same yaw measurement could be attributed to the fact that the EM device
had been switched on for at least 10 minutes. Therefore, there was less error in
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orientation because the device had already adjusted to the environmental

temperature.

In conditions 2 to 5, the sd for all 6DOF measurements remained small. This indicates
that the positional and orientation accuracy of the EM device is high in different
positions of the proposed testing environment. Moreover, conditions 2 to 5 indicate

that neither the stool nor testing environment demonstrates metallic interference.

Altogether, this study suggests that our testing occurs within the optimum operational
zone of our EM device and thus, our proposed testing environment is appropriate for

data collection.

2.1.2.5 Implications

From condition 1 we have inferred that error in results may occur within the first 10
minutes of the EM device being switched on, possibly as a result of temperature
stabilisation of the device. This means that before any data collection occurs the EM

device will be switched on at least 10 minutes before collecting any data.

Furthermore, the study also demonstrated that our proposed testing environment
presents no metallic interference and is within the optimum operational zone of the

EM device thus, no changes in power output are necessary.
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2.2 Development of probe

In order to be able to trace the shape of both the spine and the trunk, a probe or stylus
(with EM sensor attached) is required. There are two reasons for this. Firstly, the
sensor’s location for sensing occurs in the centre of the sensor, not at the edge.
Therefore, any coordinates will relate to the sensor sensing centre not the casing
edge. Secondly, a single centre point is needed in order to correct the data for
orientation. For instance, if the sensor is rotated by 90 degrees, the centre of the
sensor has now moved thus, the coordinates no longer accurately reflect the location
of the sensor. So that the coordinates can be corrected for sensor location, a probe is
critical if spinal and trunk shape is to be traced. Further details of this are described in
section 2.2.2 below (correction of tip location).

2.2.1 Probe design

The probe design is shown in Figure 5. Due to the known limitation of metallic
interference on EM sensors documented in the literature (Milne et al. 1996; Burnett et
al. 2004; Ng et al. 2009; Franz et al. 2014), there was careful consideration as to the
materials used. This resulted in the probe being made completely out of wood. In
addition, plastic screws were used to fasten the EM sensor to this wooden probe to

keep it stable.

Figure 5. Wooden probe design

The distance of the probe tip to the sensor’'s measurement centre was measured using

digital callipers (accuracy + 0.2mm). This can be seen in Figure 6.

Distance from the sensor to the tip in X direction = 36.8mm (blue arrow)
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Distance from the sensor to the tip in Z direction = 19.5mm (orange arrow)

Distance from the sensor to the tip in Y direction = Omm

Figure 6. Distance of probe tip to sensors measurement centre in X,Y,Z direction

2.2.2 Correction of tip location

To demonstrate the effect of the coordinate transform (moving coordinates from sensor
sensing centre to probe tip), the probe tip was held in place whilst the sensor was
rotated. From this, 2 graphs were created: one prior to, and one following the coordinate
transform. The transform requires the location of the tip relative to the measurement
centre of the sensor, and the orientation of the sensor for every time point (i.e. 100Hz).
The location of the probe is fixed therefore this is subtracted from the x,y,z coordinates
to relocate them. Then a rotation matrix is created from the direction cosine obtained
from the orientation of the sensor in pitch, roll and yaw. Following this, the coordinates
are then reoriented about the axes of x, y and z to orient them correctly. This is
completed for each sample (i.e. every time point).

The first graph plot of pitch, roll and yaw (Figure 7) demonstrates change in orientation
of the sensor during the test of the coordinate transform. The tip is fixed, therefore it is
physically being rotated about the probe tip.

Figure 8 shows the data comparison between coordinates with and without orientation

correction. Figure 9 shows a close up of the Y coordinates.

The sd of the location reduced 58%, 66% and 53% following the correction algorithm.

Therefore, with the sensor attached to the probe the x,y,z coordinates are now minimally
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affected by orientation of the sensor. This

functions similarly to a 3-D pen.

location (mm)

location (mm)

means the probe with sensor attached now
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Figure 8. Comparison of X,Y,Z coordinates with and without orientation correction
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Close up of Y coordinates:
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Figure 9. close up of Y coordinates with and without orientation correction
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2.3 Computational methods

2.3.1 Spinal shape

Previous studies have demonstrated the capacity of the EM system to operate as a 3-
D pen allowing the shape of the spine to be traced (Singh et al. 2010; Gonzalez-
Sanchez et al. 2014). From this, tangents can be drawn for curvature measures to be
taken. However, to date, this has only been applied in standing and only for the shape
of the spine itself (measurement of spinous processes profile). To achieve spinal

shape measurement the following steps are required:

A. Digitize the bony landmarks of the spinous processes of T1, T8, L1, L5 and left
and right posterior superior iliac spine (PSIS).

B. Sweep the probe along the spine.

C. Complete a coordinate transform from the EM source (global coordinate
system) to the pelvis (local coordinate system).

D. Reorient the coordinates to map onto the local coordinate system.

E. Fit a polynomial smoothing function to the spine trace.

F. Create tangents from which relative angles (between two tangents) can quantify

the curvature.

These steps were taken directly from the literature (Singh et al. 2010; Gonzalez-
Sanchez et al. 2014). To complete these steps, a specific MATLAB (Mathworks 2019)

algorithm was created.

To determine if the curve fitting computation method would work for spinal shapes
different from the standing human, a series of shapes were drawn with the probe and

steps A-E were completed and plotted.

Resultant graphs using the 5" order polynomial curve fitting (taken from the literature)

can be seen in Figures 10 to 13 for each condition.

On visual inspection of these figures, they demonstrate the capacity of the EM system,
and the MATLAB (Mathworks 2019) algorithm, to trace the shape of a simulated spine
beyond that of the method previously published in the literature (Singh et al. 2010;
Gonzalez-Sanchez et al. 2014).
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However, it was evident that a number of assumptions have been made in this

processing method:
1. The ‘optimal’ mathematical fitting function is the 5" order polynomial.

This may be the case for the previously published work. However, looking at condition

3 (Figure 12), the polynomial fit (pink line) is a poor representation of the actual data.
2. The ‘optimal’ tangent length is 0.05m.

This is questionable depending on the area of interest and where the tangent spans.
For example, in condition 3 (Figure 12) at the coordinate (0.0, 0.3) it is clear that if a

tangent were to ‘cross’ this region, then a loss of the specific shape could result.

The drawing of tangents requires two points along the curve to be identified between
which a straight line or tangent is drawn. The angle of this tangent is then calculated
relative to the horizontal (Figure 14). The intersection of two tangents yields a resultant
angle for each specific anatomical region i.e. L5 tangent and L1 tangent intersection
results in the lumbar (Lx) angle. Tangent and resultant angle methods are shown in

Figure 14.

Tangent angle Resultant angle
% ¢
- %.
O (]
R R

TLI
@

o

(%, anatomical landmark; 0, third point of triangle generated by mathematical function; TL, desired
tangent length; @, tangent angle; B, resultant angle)

Figure 14. Spinal shape tangent and resultant angle method
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Therefore, it is clear that a more systematic approach to justification of these aspects

of the method is required and thus, will form part of this thesis.

2.3.2 Trunk shape

In addition, to further extend the novelty of this thesis, analysis was extended to include
gquantification of trunk shape. To achieve this, some additional steps are required in

the capture and processing phase:

A. Digitize points as above.

w

Sweep the probe across the whole trunk surface.

C. Complete a coordinate transform from the EM source (global coordinate
system) to the pelvis (local coordinate system).

D. Reorient the coordinates to map onto the local coordinate system.

E. Fit a surface smoothing function to the coordinates to fit a surface to the trunk
shape trace.

F. Create tangents from which relative angles (between two tangents) can quantify

the curvature in the transverse plane.

A specific MATLAB (Mathworks 2019) algorithm was also created to complete these
additional steps. Then a flat surface was used as a proof of concept segregate. The
landmarks of T1, T8, L1, L5, LPSIS and RPSIS were digitized on the flat surface prior
to sweeping the probe across the surface. This was then plotted (Figure 15). The bony
landmarks are represented as red circles and the sweeps of the probe as blue lines.
Following this, the coordinates were plotted as a point cloud and a surface fitting
function was applied in MATLAB (Mathworks 2019). Examples are seen in Figures 16
and 17.

At this stage, the trunk surface data is represented by a mathematical function
enabling the retrieval of any coordinates, even if they were not traced by the probe.
From here, the next step is to calculate the tangents for the angle in the transverse
plane. This will tell us the protrusion of the trunk at various anatomical locations. This

is calculated relative to the flat horizontal plane (Figure 18).
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As mentioned for the spinal shape fitting model, a number of ‘decisions’ are required
to determine some of the methods. Specifically, this relates to the optimal surface fit
function to best map the trunk shape. Therefore, part of this thesis will seek to

determine the optimal trunk shape fitting model as well as, explore the effect of tangent
length.

0.5 ] Digitised landmarks o

Trunk Sweep

0.4 |

0.3

z -vertical
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y - sideway 02 -008
x - forward

Figure 15. Plotted landmark digitisation on the flat surface
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Figure 16. Surface fit example 1
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2.4 Summary

In summary, we have attached the EM sensor to a wooden probe and corrected the
tip location of the sensor; enabling the probe to now function like a 3-D pen.
Furthermore, we have developed a data processing technique to measure both spinal
and trunk shape and have established proof of concept of this method through tests
on simulated spines/ shapes. A preliminary study has demonstrated that our proposed
testing environment does not present metallic interference and is within the optimum
operational zone of the EM system. Lastly, important implications have arisen whilst
developing these methods which has helped inform the project’s main methods. These
include questions concerning what is the optimal mathematical function to fit the data
for both spinal shape and trunk shape? and what is the influence of varying the tangent

length? These questions will be carried forward into the main study.
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Chapter 3. Main Methods

3.1 Study aims and experimental design

The purpose of this part of the study was to:

1. Determine the validity and reliability of this method.

2. Explore the optimal data processing for this method and make
recommendations based on these findings.

3. Determine the capacity of this method to detect alteration in spinal and trunk

shape and determine the validity and reliability of these measurements.
A repeated measures design was employed to achieve these aims.

3.2 Instrumentation

Spinal and trunk shape were measured using the EM device (Patriot, Polhemus) as

described previously (section 2.1.1).

The EM sensor was attached to a wooden probe in order to trace spine and trunk
shape. During the preliminary work above, a MATLAB (Mathworks 2019) programme

was written to process the data.

3.3 Phantom models

In order to remove the natural human variability when exploring this novel method,
phantom models were used. To create the phantom models, measurements between
spine and trunk anatomical landmarks were firstly taken on a human model in three
different positions: neutral standing, forward flexion and in extension. A qualified
physiotherapist, using the techniques described in Field’s anatomy, palpation &
surface markings text (Field and Hutchinson 2013), identified bony landmarks through
palpation and marked them with an eyeliner pencil. These included the spinous
processes of C7, T1, T8, L1, L5, S2, the LPSIS and RPSIS, the left and right posterior
iliac crest and the posterior-lateral corner of the right and left acromion. The distance

(in cm) between these anatomical landmarks were then recorded using the flexicurve
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instrument that could be moulded to the curvature of their back. The full list of

measurements taken are listed in Table 13.

Table 13. Measurements taken between anatomical landmarks of the human model

Measurements
Distance between C7 and T1.
Distance between T1 and T8.
Distance between T8 and L1.
Distance between L1 and L5.
Distance between L5 and S2.
Distance between L5 and left posterior-lateral iliac crest.
Distance between L5 and right posterior-lateral iliac crest.
Distance between S2 and LPSIS.
Distance between S2 and RPSIS.
Distance from T1 to posterior-lateral corner of left acromion.
Distance from T1 to posterior-lateral corner of right acromion.

e Length of spine from C7 to S2.
(LPSIS, left posterior superior iliac spine; RPSIS, right posterior superior iliac spine.)

Later, the flexicurve was moulded by the physiotherapist into three different shapes to
imitate extension, flexion and neutral spinal curvatures. These curves were traced onto
paper and used to construct the shape and surface of each phantom model. This

meant that resultant phantoms matched a real person in both size and shape.

Figures 19 to 24 shows the construction process of the flexion phantom model as an
example. The phantoms were made entirely out of cardboard and pieced together
using glue. The measurements of spine and trunk anatomical landmarks, taken from
the human model in each position (Table 14, 15 and 16) were then marked onto the

corresponding shaped phantom. Figures 25 to 30 show the finished phantom models.

3.3.1 Pseudo-scoliosis phantom

In addition to the above phantoms, a pseudo scoliotic phantom was also constructed
from the existing phantoms (Figure 31). This was done by rotating the flexion and
extension phantoms 90 degrees and attaching them together to create a smooth
surface that was convex (kyphotic) to the left and concave (lordotic) to the right. In
keeping with the clinical presentation of scoliosis, the pelvis was kept flat by attaching
a piece of polystyrene below the model which enabled digitisation of these bony

landmarks.
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Table 14. Anthropometric measurements of human model in extension

Measurement

Centimetres

C7toT1l

2.3

T1 to left acromion process

Superior 1.0, Lateral 20.2

T1 to right acromion process

Superior 1.0, Lateral 20.0

T1lto T8 19.7
T8to L1 14.4
L1to L5 7.5

L5 to left iliac crest

Superior 1.7, lateral 6.1

L5 to right iliac crest

Superior 1.8, lateral 7.3

L5 to S2

2.6

S2 to left posterior superior iliac spine

Superior 0.6, lateral 4.1

S2 to right posterior superior iliac spine

Superior 0.6, lateral 4.3

C710S2

45.5

Table 15. Anthropometric measurements of human model in flexion

Measurement

Centimetres

C7toT1

3.1

T1 to left acromion process

Superior 1.1, lateral 19.6

T1 to right acromion process

Superior 0.9, lateral 20.3

T1lto T8 19.9
T8to L1l 17.3
L1to L5 12.6

L5 to left iliac crest

Superior 2.1, lateral 6.1

L5 to right iliac crest

Superior 2.1, lateral 7.0

L5 to S2

5.2

S2 to left posterior superior iliac spine

Superior 0.4, lateral 3.8

S2 to right posterior superior iliac spine

Superior 0.4, lateral 4.3

C710S2

58.1

Table 16. Anthropometric measurements of human model in neutral standing

Measurement

Centimetres

C/toT1

2.4

T1 to left acromion process

Superior 0.9, lateral 19.4

T1 to right acromion process

Superior 0.6, lateral 19.8

T1to T8 19.7
T8to Ll 16.6
L1to L5 8.5

L5 to left iliac crest

Superior 1.9, lateral 6.2

L5 to right iliac crest

Superior 2.0, lateral 7.0

L5to S2

4.3

S2 to left posterior superior iliac spine

Superior 0.6, lateral 4.0

S2 to right posterior superior iliac spine

Superior 0.6, lateral 4.3

C71to S2

51.5
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Figure 19. Construction process

Figure 21. Construction process Figure 22. Construction process

Figure 23. Construction process Figure 24. Construction process
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Figure 25. Final extension phantom Figure 26. Final extension phantom

Figure 27. Final flexion phantom Figure 28. Final flexion phantom
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Figure 29. Final neutral phantom Figure 30. Final neutral phantom

Figure 31. Final pseudo-scoliosis phantom
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3.4 Method

Spinal and trunk shape data were collected on the neutral, flexion and extension
phantoms in a vertical position. Firstly, the bony landmarks were digitised by collecting
data pertaining to their location in 3-D space relative to the EM source. The tip of the
wooden probe was then moved inferiorly down the phantom overlying the spine
between T1 and S2 (spinal shape measurement) or from T1 to S2 with inferior and
superior vertical and horizontal sweeps across the phantom surface (trunk shape

measurement). The probe stayed in contact with the phantom at all times.

3.4.1 Reliability

Two sets of three repeats were conducted for both spinal and trunk shape. One data
set was done consecutively for each model without moving or changing the position
of the phantom during the 3 repeats (i.e. neutral x3, flexion x3, extension x3). The
other set of trials matched a more clinical scenario whereby, one data trial was
completed for each shaped model (i.e. extension x1, flexion x1, neutral x1) and then

this was repeated 3 times.

Six data trials were also completed consecutively on the constructed ‘scoliosis’ model.
This also occurred with the model in a vertical position. However, only measurements
of trunk shape were taken and, due to the surface boundaries of the model, sweeps
did not extend down to S2 or the pelvis. Instead, trunk sweeps were limited to just
below L1, so angle variables analysed did not include L5. Even so, digitisation of bony
landmarks did include the pelvis and L5. This meant coordinates could still be

transformed from the global coordinate system to the local coordinate system.

3.4.2 Validity

Angles were calculated using the flexicurve method (Burton 1986; Hinman 2004b; de
Oliveira et al. 2012) to establish validity of the computed angles with the EM system.
In order to complete these pen and paper calculations, it was first necessary to

understand the computed angle calculation method.
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3.4.2.1 Computed tangent angle method for spinal shape

An example of this method for spinal shape is depicted in Figure 32. Firstly, the EM
system provides the location of the anatomical landmark (e.g. L1) in 3-D space from
which the z,x co-ordinates are extracted. This location represents one point of the
triangle. The specified tangent length (e.g. 0.05 m) is then subtracted from this value
to form the second location of the triangle. From this second point, the x coordinate is
provided from the spinal shape polynomial fit data. This completes the triangle. The
value calculated is then the angle relative to the left hand horizontal (represented by
‘a’ in Figure 32). This is the computed method for tangent angles of T1, T8 and L1.

Point 1:
Z,X co-ordinates 8

Tangent angle

a
Point 2: . / . Point 3:

Z,Xx co-ordinates Z,X co-ordinates

Figure 32. Spinal shape T1, T8 and L1 computed tangent angle calculation

Point 3: . . Point 2:
Z,X co-ordinates / a Z,X co-ordinates
Tangent angle
Point 1:

8 Z,X co-ordinates

Figure 33. Spinal shape L5 computed tangent angle calculation
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Conversely, this method is inverted when calculating L5 (Figure 33). During data
collection, spinal sweeps ended at S2 meaning there is a lack of ‘real’ data values
beyond L5 for the mathematical fitting function to draw from. As a result, if the tangent
length was subtracted from the z,x coordinates for L5, the reliance on ‘predicted
values’ at the edge of the fitted function could be prone to larger calculated angle
errors. Instead, the tangent is added to the z,x coordinates of L5’s 3-D location and
the angle is computed relative to the right hand horizontal (represented by ‘a’ in Figure
33).

3.4.2.2 Computed resultant angle method for spinal shape

For resultant angles, the side of the triangle connecting point 1 and point 3 are
extended. The angle created by the intersection of two tangents is then calculated.

This is represented by ‘B’ in Figure 34.

P
ITL

&

R

(%, anatomical landmark; 0, third point of triangle generated by mathematical function; TL, desired
tangent length; B, resultant angle)

Figure 34. Spinal shape computed resultant angle calculation

3.4.2.3 Computed hump horizontal angle method for trunk shape

For trunk shape, the computed method for the left and right hump horizontal angle
calculations is depicted in Figure 35. Firstly, the EM system provides the location of

the anatomical landmark in 3-D space from which the co-ordinates are extracted (point
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1). The specified tangent length is then added or subtracted from this value to form
the second point of this triangle (point 2). From this second location, the coordinates
are provided from the surface fitting function, completing the triangle (point 3). The

angle calculated is represented by ‘©’ in Figure 35.

Point 3:
Z,X co-ordinates

Point 3:

. Point 1:
Z,X co-ordinates

Z,X co-ordinates

_______ +—> «—> "~
Point 2: T T Point 2:
Z,X co-ordinates Z,x co-ordinates

(%, anatomical landmark; 0, third point of triangle generated by mathematical function; TL, desired
tangent length; ©, hump horizontal angle)

Figure 35. Trunk shape computed hump horizontal angle calculation

3.4.2.4 Flexicurve method for spinal shape measurements

Understanding these computational processes enabled this to be copied during the
flexicurve method of calculating angles. Figures 36 to 40 demonstrate the process of

calculating spinal shape angles with the flexicurve.

Tangent angle calculations:

1. The flexicurve was moulded to the shape of the phantom model and the curve
was traced onto paper (Figure 36 and 37).

2. The anatomical landmarks were plotted onto the curve, forming the first point
of each triangle (Figure 38).

3. The specified tangent length was then drawn inferior (T1, T8 & L1) or superior
(L5) from each anatomical landmark, forming the second point of the triangle.

4. A straight horizontal line was drawn to connect point two with the spinal curve,
forming the third point of the triangle.

5. A straight line was drawn to connect point one and point three, completing the

triangle.
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6. A protractor was used to measure the angle relative to the left horizontal (‘a’)

or right horizontal (‘8’) depending on the anatomical landmark being measured.

Resultant angle calculations:

7. The side of each triangle connecting point one and point three were extended
superiorly and/or inferiorly.

8. The angle between the tangents where one line intersected with another were
then measured using a protractor.

Tangent (Figure 39) and resultant (Figure 40) flexicurve angle calculations for the

neutral model using the 0.05m tangent length are illustrated below as an example.

3.4.2.5 Flexicurve method for trunk shape measurements

To calculate trunk shape using the flexicurve, steps 1-6 mentioned above were also
completed but in the transverse plane thus, yielding hump horizontal angles at each
specific anatomical region. Examples can be seen in the results section (Figure 43
and 44).

Figure 36. Moulding flexicurve
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Figure 37. Tracing curve onto paper

Figure 38. Plotting landmarks
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(%, anatomical landmark; 0, third point of triangle generated by mathematical function; o, tangent
angle relative to left hand horizontal; B, tangent angle relative to right hand horizontal)

Figure 39. spinal shape flexicurve tangent angle calculations
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(%, anatomical landmark; 0, third point of triangle generated by mathematical function; @, tangent

angle relative to left hand horizontal; 8, tangent angle relative to right hand horizontal; UThx; upper
thoracic; Thx, thoracic; Lthx, lower thoracic; Lx, lumbar)

Figure 40. Spinal shape flexicurve resultant angle calculations
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3.5 Data processing

Data were imported into MATLAB (MathWorks 2019b) where all data processing was
performed. To complete the steps outlined above, a specific MATLAB (Mathworks
2019) algorithm was written to yield either spinal shape (as probe sweep coordinates)
or trunk shape (as trunk sweep coordinates). For spinal shape, the probe sweep
coordinates were fitted with different polynomial functions (1st order to 8" order). From
these fits, tangents in the sagittal plane were determined from which angles were
derived. For trunk shape, as described in the development of methods section, the 3-
D coordinates were plotted as a point cloud from which 3-D polynomials (2" order to
5t order) and the Lowess surface functions were fitted to the data. From these surface
fits, the tangent angles in the transverse plane were quantified to represent the trunk
shape at specific anatomical locations. Analysis of the values yielded by different fits
and functions and their effect on the spinal shape and trunk shape angles calculated

were then determined.

The MATLAB (Mathworks 2019) algorithm was applied to each data trial for four
different tangent lengths. The tangents were 0.025m, 0.05m, 0.075m and 0.1m (spinal
shape) or 0.075m, 0.1m, 0.125m and 0.15m (trunk shape). This resulted in each
repeat having 4 different sets of data. Examination of values yielded by different
tangent lengths and their effect on spinal and trunk shape angles were also

determined.

3.6 Data analysis

In order to determine how to select the best mathematical fitting function, the following

steps were completed.
1. Determine the goodness of the fit.

The goodness of each mathematical fit for spinal and trunk shape were determined
from the r2 and RMSE results. This formed the foundation of analysis for the
mathematical fit of each function and served to determine which mathematical

function(s) best represented the data.

2. Determine the effect of fit on angles calculated.
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Spinal and trunk angles (calculated from the intersection of two tangents) for specific
fits were plotted with their 95% confidence intervals (95%CIs). This enabled the
determination of any differences in the tangent and resultant angles calculated from
the different fits.

3. Determine the intra-rater reliability of repeated angle measurement for the
different fits.

To evaluate the consistency of spinal and trunk shape measurements with this
method, the intraclass correlation coefficient (ICC 3,1) were calculated for all the trials
across different tangent lengths. ICC was chosen as the reliability metric for this study
as it was the most common statistic used in the literature of surface measurement
methods (section 1.2). The ICC (3,1) form was selected based on the 2-way mixed
effects model, mean of 3 measurements type and absolute agreement definition. ICC
values were interpreted using the classification described by Koo and Li (2016) where
values <0.5 are indicative of poor reliability, values between 0.5 and 0.75 indicate
moderate reliability, values between 0.75 and 0.90 indicate good reliability and values

>0.90 indicate excellent reliability.

Since ICC values alone do not reveal absolute differences between measurements;
the SEM and MDC were also calculated. SEM (sd x V(1-ICC)) is the determination of
the amount of measurement error present in an instrument whilst MDC (SEM x 1.96 x
\2) is a metric that represents true change beyond that of measurement error.
Presenting SEM and MDC for this EM method facilitated the application of its reliability

estimates to clinical practice.

The CoV (relative dispersion of data points around the mean) was also calculated (sd
+ mean x 100) for the separate spinal shape trials only to investigate the reliability

between the consecutive and non-consecutive data-capture methods.
4. Validity of the angles calculated for the different fits.

To evaluate how accurately the EM method measured spinal and trunk shape, angles
calculated with the EM tracking system were compared against those calculated using
the flexicurve method (Burton 1986; Hinman 2004b; de-Oliveira et al. 2012) to
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determine validity. Visual inspection of the data provided answers as to the pattern of

angle change as the tangent length increased.

From these steps conclusions over the optimal fit were made.
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Chapter 4. Results

4.1 Spinal Shape

4.1.1 Mathematical fitting function

Table 17 shows the mean r2 values for the 1st to 8" order polynomial fits of the
extension, flexion and neutral models in both the consecutive and non-consecutive
trials. The mean r2 value for the 1st order polynomial fit is very low (r?2 =<0.2) across all
the trials. However, for the 2"d and 3 order polynomials there is some variation in the
mean r2 values (r2 = 0.69-1.0) compared to the results for the 4" to 8" order polynomial
fits which are more consistent (r2 =0.99-1.0). As a result, it is recommended that any
polynomial fits containing r2 values <0.99 (i.e. the 1st, 2nd and 3" order polynomials)

should not be used for spinal shape measurements.

Table 17. Spinal shape r? results

Spinal shape r2 results

P1 P2 P3 P4 P5 P6 P7 P8

ExtCon | 0.0089 | 0.9952 | 0.9998 | 0.9999 | 1.0000 | 1.0000 | 1.0000 | 1.0000

FlexCon | 0.0086 | 0.9773 | 0.9970 | 0.9997 | 0.9999 | 0.9999 | 0.9999 | 0.9999

NeuCon | 0.1647 | 0.6857 | 0.9349 | 0.9940 | 0.9948 | 0.9995 | 0.9998 | 0.9998

ExtNC 0.0213 | 0.9943 | 0.9998 | 0.9999 | 0.9999 | 0.9999 | 0.9999 | 0.9999

FlexNC | 0.0039 | 0.9761 | 0.9966 | 0.9996 | 0.9998 | 0.9999 | 0.9999 | 0.9999

Spinal Shape Trial

NeuNC | 0.1968 | 0.6962 | 0.9431 | 0.9945 | 0.9948 | 0.9996 | 0.9998 | 0.9998

(r?, r squared; ext, extension; flex, flexion; neu, neutral; con, consecutive trials; NC, non-consecutive
trials; P1, 1% order polynomial; P2, 2" order polynomial; P3, 3" order polynomial; P4, 4™ order
polynomial; P5, 5" order polynomial; P6, 6 order polynomial; P7, 7" order polynomial; P8, 8" order
polynomial)
Since there were little differences in the r2 value for the 4th, 5%, 6t 7% and 8" order
polynomial fits (r> = 0.994-1.0), the mean and 95%Cls of angles computed for these
fits were subsequently studied. Analysis was conducted on the 0.025m tangent length
non-consecutive trials for the T1, LThx, L1 and L5 angle variables. An example of this
analysis is shown in Figure 41 for the L1 tangent angle data of the neutral model. This
figure is representative of the most common pattern seen in the data for the angle

variables analysed. This figure clearly shows the 95%Cls for the 4% and 5" order
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polynomials do not overlap which is also true of the 5™ and 6" order polynomial fits.
This indicates difference (at the 95% confidence level) between these angles
computed. However, the 95%Cls of the 6%, 7 and 8™ order polynomial fits are all

overlapping, suggesting no differences between these computed angles.

9
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Figure 41. L1 tangent angle mean and 95% confidence intervals for the 4% to 8t

order polynomial fits of the neutral spine shape with the 0.025m tangent length

Neutral spinal shape tangent and resultant angles of LThx, L1 and L5 showed
differences between the angle calculated for the 4 and 5" as well as, the 5" and 6"
order polynomials whereas, for the calculated angle at T1 only the 5" order polynomial
appeared different to 6™. For extension, differences were seen between the 4t and 5"
and 5" and 6" order polynomial data for the L1 tangent angle only, whilst flexion also
demonstrated a difference between the 5" and 6" order polynomial tangent angle
values at L1. Overall, the data seemed to detect that, across the angle variables
analysed, there were consistently no differences between the values calculated for the
6", 7t and 8" order polynomial fits. However, there were some differences seen
between the 4" and 5" or 5" and 6" order polynomial fits, depending on the spinal

shape model and angle variable studied.

Based on this, the 6" order polynomial fitting function can be recommended for use
for spinal shape measurements with an EM system. This can be concluded since there

were some differences seen between angles calculated for the 4" and 5% and 5% and
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6" order polynomial fits, but no differences detected between the 6, 7t or 8" order
polynomial fits. Therefore, since the 7" and 8" order polynomial fitting functions
require additional mathematical processes but do not yield significantly different

results to the 6" order polynomial, the 6" order polynomial should be used.

4.1.2 Tangent length

As the tangent length increases, the data shows the computed angle changes. The
pattern of change shows either an increase or decrease in the angle calculated
depending on the variable analysed. Although angle change is evident, the differences
between the angles calculated at different tangent lengths is low. For example, the
mean of the sd results for angles calculated for the 6" order polynomial in the three
sets of trials across all four tangent lengths for the consecutive extension data is 0.01°.
Therefore, although it cannot be recommended to use tangent lengths
interchangeably, the tangent length chosen should not significantly affect spinal shape

measurements if one tangent length is used consistently.

4.1.3 Reliability

Two different measurement methods were used for each set of the three spinal shape
trials. The ‘consecutive’ trials consisted of completing the three spinal shape
measurements of one phantom model without moving the equipment or phantom. The
other set of 3 repeats occurred ‘non-consecutively’ where spinal shape was measured

once on each phantom model and then repeated.

To assess the reliability between these methods, the CoV were calculated for both
sets of trials and then compared. Due to the recommendations mentioned above, the
CoV data of computed angles with the 6" polynomial fit for one tangent length (0.05m)

were examined. These results are shown in Table 18.

Overall, all CoV values are moderate to low (<15%) with most angle variables across
all the trials yielding a CoV <1%. The higher CoV values are seen in the non-
consecutive trials particularly for the neutral phantom model. However, since the
variation around the mean for both the consecutive and non-consecutive trials is low,

this indicates that the consecutive method does not produce significantly more reliable
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results from the non-consecutive method. As a result, one set of data collection can
be recommended and since the non-consecutive method is more reflective of clinical

applications, this is an appropriate approach for spinal shape measurements.

Table 18. Spinal shape CoV results

CoV results (%)

T1 T8 L1 L5 Uthx Thx LThx Lx

ExtCon |0.204 | 0.204 | 0.395 | 0.255 | 0.675 | 0.419 | 0.288 1.918

EXtINC 0.431 | 0.242 | 0.283 | 0.253 | 1.687 | 0.719 | 1.056 2.627

FlexCon | 0.332 | 0.172 | 0.062 | 0.139 | -0.050 | -0.139 | -0.429 | -1.092

FlexNC |1.277 | 0.214 | 0.107 | 0.357 | -1.505 | -0.880 | -0.258 | -4.326

NeuCon | 0.148 | 0.031 | 0.135 | 0.248 | -0.388 | -0.350 | -1.648 | 0.606

Spinal Shape Trial

NeuNC |2.529 | 0.391 | 0.473 | 0.204 | -4.105 | -5.150 | -13.415 | 1.785

(CoV, co-efficient of variation; %, percent; L, lumbar; LThx, lower thoracic; Lx, lumbar; T, thoracic;
Thx, thoracic; Uthx, upper thoracic; ext, extension; flex, flexion; neu, neutral; con, consecutive trials;
NC, non-consecutive trials; -, minus)

The ICC, SEM and MDC results for spinal shape measurements of the consecutive
and non-consecutive trials of extension, flexion and neutral models are shown in Table
19. The ICC’s were extremely high (>0.999) regardless of tangent length.
Furthermore, extremely small values were seen for the MDC (<0.018°) and SEM
(<0.007°). This shows that angles calculated with the EM method were highly reliable

for spinal shape measurements.

Table 19. Spinal shape ICC, MDC and SEM results for 6 order polynomial fit

Tangent Length (m)
Reliability 0.025 0.05 0.075 0.1
ICC 0.9998 | 0.9998 | 0.9998 | 0.9997
MDC (°) 0.0138 | 0.0126 | 0.0118 | 0.0168
SEM (°) 0.0050 | 0.0045 | 0.0043 | 0.0061

(ICC, intra-class correlation coefficient; MDC, minimal detectable
change; SEM, standard error of measurement; °, degrees; m,
metres)

4.1.4 Validity
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Tangent and resultant angles from one consecutive 0.05m tangent spinal shape trial
(SSE1/ SSF1/ SSN1) for each model were compared against corresponding angles
calculated with the flexicurve method (Table 20 and 21). Based on conclusions above,

only the computed angles for the 6" order polynomial fit were used.

The results showed that the angles calculated with the flexicurve method were no
more than 6.0° different to the computed angles calculated by the EM system for spinal
shape. Consequently, it can be concluded that the EM tracking method is valid for
measurements of spinal shape. Potential sources of difference are discussed later in
chapter 5 (section 5.5). The results also showed that resultant angles calculated with
the EM system for flexion (kyphotic) curves will result in a negative value and for

extension (lordotic) curves, the value is defined as positive.

Table 20. Comparison of tangent angles calculated between EM method and

flexicurve for spinal shape

Model and Flexicurve (°) | 6" order polynomial Difference (°)
tangent angle fit (°)
Extension
T1 133 129.621 3.379
T8 87 85.784 1.216
L1 64 59.937 4.063
L5 63 57.704 5.296
Flexion
T1 47 41.422 5.578
T8 87 86.249 0.751
L1 116 114.225 1.775
L5 118 122.527 4.527
Neutral
T1 69 66.041 2.959
T8 91 96.069 5.069
L1 102 103.650 1.650
L5 86 91.343 5.343

(°, degrees; T, thoracic; L, lumbar)
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Table 21. Comparison of resultant angles calculated between EM method and

flexicurve for spinal shape

Model and
resultant angle

Flexicurve (°)

6" order polynomial
fit (9)

Difference (°)

Extension

T1/T8 (UThx) 42.5 43.837 1.337
T1/L1 (Thx) 66 69.685 3.685
T8/ L1 (LThx) 29 25.848 3.152
L1/ L5 (Lx) 1 2.233 1.233

Flexion
T1/T8 (Uthx) -39 -44.827 -5.827
T1/L1 (Thx) -67 -72.803 -5.803
T8/ L1 (LThx) -29 -27.976 -1.024
L1/ L5 (Lx) -7 -8.302 -1.302

Neutral
T1/T8 (UThx) -25 -30.028 -5.028
T1/L1 (Thx) -32 -37.609 -5.609
T8/ L1 (LThx) -9 -7.581 -1.419
L1/ L5 (Lx) 13 12.306 0.694

(°, degrees; T, thoracic; /, slash; L, lumbar; UThx, upper thoracic; Thx, thoracic; LThx, lower thoracic;

Lx, lumbar; -, minus)
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4.1.5 Spinal Shape - summary of recommendations and conclusions

Mathematical fitting function

Polynomial fits 1, 2 and 3 that have data containing an r2 value <0.99 should not be
used for spinal shape measurements.

There were consistently no differences seen between the computed angles
calculated for the 61, 7t and 8" order polynomial fits but some differences were
seen between the 4" and 5" or 5 and 6" order polynomial fits.

Therefore, the 6% order polynomial fit is recommended for spinal shape

measurements with an EM system.

Tangent length

The computed angle changed as the tangent length increased.

The pattern of change was different depending on the angle variable analysed.

It is recommended that tangent lengths should not be used interchangeably.
However, the tangent length chosen should not significantly affect spinal shape

measurements with the EM method if used consistently.

Validity

Differences between angles calculated with the EM method and flexicurve method
were <6.0°.

Resultant angles were positive for extension or lordotic curves and negative for
flexion or kyphotic curves.

Spinal shape angles calculated with the EM method were valid.

Reliability

The EM method was highly reliable (ICC =>0.999, CoV = <15%) and highly accurate
(MDC = <0.018°, SEM = <0.007°).

The consecutive data collection technique did not produce significantly more reliable
results than the non-consecutive technique.

One set of data can be recommended for collection of spinal shape measurements
with the EM method.
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4.2 Trunk Shape

4.2.1 Mathematical fitting function

The mean r2 and RMSE data of each mathematical function for the extension, flexion
and neutral trunk shape trials are seen in Table 22 and 23. The results show more
variability in the mean r? values for polynomial 22 (r2 = 0.69-0.99) and 33 (r2 = 0.94-
1.0) functions compared to polynomial 44, 55 and Lowess fits which have more

consistent results (r2= 0.98-1.0).

Table 22. Trunk shape r2 results

r2 results for each mathematical function
L P22 P33 P44 P55
ExtCon 0.9887 0.9870 0.9907 0.9914 0.9920
< | FlexCon | 0.9931 0.9744 0.9957 0.9980 0.9981
}T’j NeuCon | 0.9767 0.7073 0.9420 0.9832 0.9864
f_—QU- ExtNC 0.9928 0.9920 0.9959 0.9961 0.9964
g FlexNC 0.9936 0.9752 0.9962 0.9986 0.9987
E NeuNC 0.9761 0.6878 0.9447 0.9819 0.9867

(r?, r squared; ext, extension; flex, flexion; neu, neutral; con, consecutive trials; NC, non-consecutive
trials; L, lowess function; P22, polynomial 22 function; P33, polynomial 33 function; P44, polynomial
44 function; P55, polynomial 55 function)

Table 23. Trunk shape RMSE results

RMSE results for each mathematical function (°)
L P22 P33 P44 P55
ExtCon 0.0038 0.0040 0.0034 0.0032 0.0031
< | FlexCon | 0.0040 0.0077 0.0031 0.0021 0.0020
‘:j NeuCon 0.0035 0.0124 0.0055 0.0029 0.0026
f_—od- ExtNC 0.0031 0.0032 0.0022 0.0021 0.0020
g FlexNC 0.0038 0.0075 0.0029 0.0018 0.0017
E NeuNC 0.0035 0.0126 0.0053 0.0030 0.0026

(RMSE, root mean square error; °, degrees; ext, extension; flex, flexion; neu, neutral; con,
consecutive trials; NC, non-consecutive trials; L, lowess function; P22, polynomial 22 function; P33,
polynomial 33 function; P44, polynomial 44 function; P55, polynomial 55 function)
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This pattern is also observed in the RMSE results where polynomial 44, 55 and
Lowess functions have similar outcomes (RMSE = 0.002° to 0.004°) but higher values
and more variation is seen for polynomial 22 (RMSE = 0.003° to 0.013°) and
polynomial 33 (RMSE = 0.002° to 0.006°) fits. As a result, it is recommended that any
surface smoothing functions containing r2 values <0.97 and RMSE values >0.005° (i.e.

polynomial 22 and 33 functions) should not be used for trunk shape measurements.

The mean and 95%Cls of T1, T8, L1 and L5 angle variables calculated with the 0.075m
tangent length in the non-consecutive trunk shape trials were subsequently analysed.
On visual inspection, there were consistently no differences seen between the
computed angles calculated for polynomial 44, 55 and Lowess functions except for the
left hump angle at L5 for the neutral phantom model. An example of this analysis is
shown in Figure 42 for the right T8 angle data of the neutral model. This figure is
representative of the most common pattern seen in the data for the angle variables

analysed.

L 4
[ ]
L g

—e— P44
P55

Lowess

Surface smoothing function

-6 -5 -4 -3 -2 -1 0 1 2

Tangent angle (degrees) ® = Mean
< = upper/ lower 95%ClI

Figure 42. Right hump horizontal T8 angle mean and 95% confidence intervals for

the polynomial 44, 55 and Lowess fits of the neutral spine shape with 0.075m

tangent length

This graph demonstrates that the 95%Cls for all three surface fitting functions overlap,

indicating no difference between the computed angles. Since this is a common pattern
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across this data, no further conclusions can be drawn as to which mathematical

function for trunk shape data is best from this analysis alone.

In the scoliosis trials, the results also showed high r? (0.98-0.99) and low RMSE (0.01°)
values for polynomial 44, 55 and Lowess functions (Table 24 and 25). However,

analysis of the computed angles calculated between the functions found differences

between polynomial 44 and 55 for some angle variables. There were consistently no

differences seen between calculated angles from polynomial 55 and Lowess fits.

Therefore, from these results it can be concluded that the polynomial 44 function

should also not be used for trunk shape measurements.

Table 24. Scoliosis trunk shape r? results

r2 result for each mathematical function

Lowess | Polynomial44 | Polynomial55
1 0.9817 0.9789 0.9874
2 0.9792 0.9768 0.9864
_f_g 3 0.9830 0.9803 0.9870
» 4 0.9815 0.9776 0.9852
§ 5 0.9852 0.9766 0.9848
(,8) 6 0.9840 0.9763 0.9858

(r% r squared)

Table 25. Scoliosis trunk shape RMSE results

RMSE for each mathematical function (°)

Scoliosis trial

Lowess | Polynomial44 | Polynomial55
1 0.0106 0.0113 0.0088
2 0.0109 0.0115 0.0088
3 0.0104 0.0112 0.0091
4 0.0101 0.0111 0.0090
5 0.0097 0.0122 0.0099
6 0.0104 0.0126 0.0098

(RMSE, root mean square error; °, degrees)
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In summary, polynomial 22 and 33 functions are not recommended for trunk shape
measurements due to the poorer results and higher variability demonstrated in the r2
and RMSE results of the extension, flexion and neutral trials. For the same trials there
were commonly no differences seen between the angles calculated for polynomial 44,
55 and Lowess fits. However, in the scoliosis trials differences were seen between
angles calculated for polynomial 44 and 55 functions. As a result, a further
recommendation of not using the polynomial 44 function for trunk shape

measurements can be made.

4.2.2 Validity

Using the non-consecutive data in the extension, flexion and neutral trials, the left and
right horizontal kyphosis angles calculated for T8 at each tangent length were
compared against corresponding angles obtained using the flexicurve method (Figure
43). These results are seen in Table 26 for the polynomial 55 function and Table 27
for the Lowess function. Computed angles, for both mathematical functions, were no
more than 3.0° different to angles calculated with the flexicurve. This demonstrates

the validity of trunk shape measurements with the EM method.

However, it should be noted that the trunk shape does not change as you move
horizontally across the flexion, extension or neutral phantom surfaces therefore, these
hump angles should be relatively flat. Based on this notion, angles computed by the
EM system and those measured with the flexicurve should be close to zero but, looking
at Tables 26 and 27 this was not the case. Therefore, errors were evident in both
methods for measuring angles of a flat surface. Examining the mean angles calculated
for T1, T8, L1 and L5 with the 0.075m tangent length, it appears that angles calculated
for the Lowess function were most commonly the furthest from zero. This indicates

that the polynomial 55 function may be the best representation of known truth.

On the other hand, results from the scoliosis trials may be more indicative of the validity
of angles calculated by each mathematical function. Tables 28 and 29 compare the
mean values computed by the Lowess and polynomial 55 functions against those
calculated with the flexicurve (Figure 44). Here the results show better validity for the
Lowess function (largest difference = 4.8°) compared to the polynomial 55 fit (largest
difference = 7.4°).
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Overall, it can be concluded that the EM tracking method is valid for measurements of
trunk shape. However, the polynomial 55 function was likely the better representation
associated with known truth for ‘flat hump’ surfaces. Nevertheless, the Lowess

function had higher validity for measurements of an altered trunk surface when

compared against the flexicurve.
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Figure 43. Extension, flexion and neutral T8 hump horizontal flexicurve angle calculations
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Table 26. Comparison of T8 hump horizontal angles calculated between flexicurve and EM method using P55 fit for trunk shape of

extension, flexion and neutral phantoms

Left T8 hump horizontal angle Right T8 hump horizontal angle
Tangent | Flexicurve P55 Difference Tangent | Flexicurve P55 Difference
c (m) ©) ©) ©) c (m) ©) ©) ©)
2 0.075 -1 -0.419 -0.581 o | 0.075 0 0.336 0.336
3 [ 01 1 -0.308 | -0.692 3 [ 01 0 0.546 0.546
“ 0125 0 -0.256 | 0.256 “ 0125 0 0.701 | 0.701
0.15 0 -0.244 0.244 0.15 0 0.804 0.804
Tangent | Flexicurve P55 Difference Tangent | Flexicurve P55 Difference
S (m) ©) ©) ©) S (m) ©) ©) ©)
» 0.075 1 1.481 0.481 ‘» | 0.075 -0.5 -1.364 0.864
S| o1 1 1.441 0.441 S| o1 05 1400 | 0.900
m | 0125 1 1.429 0.429 @d | 0125 0 -1.463 1.463
0.15 1.5 1.461 0.039 0.15 0 -1.581 1.581
Tangent | Flexicurve P55 Difference Tangent | Flexicurve P55 Difference
_ (m) ©) ©) ©) _ (m) ©) ©) ©)
g 0.075 -1 -0.303 -0.697 g 0.075 -0.5 -1.378 0.878
) 0.1 0.5 0.121 0.379 ] 0.1 0 -1.264 1.264
< 0.125 0 0.487 0.487 < 0.125 -0.5 -1.251 0.751
0.15 0.5 0.827 0.327 0.15 -1 -1.273 0.273
(T, thoracic; m, metres; °, degrees; P55, polynomial 55 function; -, minus)
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Table 27. Comparison of T8 hump horizontal angles calculated between flexicurve and EM method using Lowess fit for trunk shape

of extension, flexion and neutral phantoms

Left T8 hump horizontal angle Right T8 hump horizontal angle
Tangent | Flexicurve | Lowess | Difference Tangent | Flexicurve | Lowess | Difference
c (m) ©) ©) ©) c (m) ©) ©) ©)
= 0.075 -1 -3.710 2.710 A= 0.075 0 -3.053 3.053
E 0.1 -1 -3.299 2.299 E 0.1 0 -2.726 2.726
H 0.125 0 -2.302 2.302 H 0.125 0 -1.564 1.564
0.15 0 -1.883 1.883 0.15 0 -1.090 1.090
Tangent | Flexicurve | Lowess | Difference Tangent | Flexicurve | Lowess | Difference
£ (m) ©) ©) ©) £ (m) ©) ©) ©)
g 0.075 1 3.917 2.917 g 0.075 0.5 1.284 0.784
Q 0.1 1 3.557 2.557 Qo 0.1 0.5 0.811 0.311
n 0.125 1 2.837 1.837 n 0.125 0 0.016 0.016
0.15 1.5 2.560 1.060 0.15 0 -0.476 -0.476
Tangent | Flexicurve | Lowess | Difference Tangent | Flexicurve | Lowess | Difference
_ (m) ©) ©) ©) _ (m) ©) ©) ©)
S| 0.075 -1 -1.814 0.814 S| 0075 -0.5 -3.152 2.652
§ 0.1 -0.5 -1.223 0.723 § 0.1 0 -3.008 3.008
0.125 0 -0.158 0.158 0.125 -0.5 -2.357 1.857
0.15 0.5 0.321 0.179 0.15 -1 -2.298 1.298

(T,thoracic; m, metres; °, degrees; Lowess, Lowess function; -, minus)
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Figure 44. Scoliosis T8 hump horizontal flexicurve angle calculations




Table 28. Comparison of T1, T8 and L1 angles calculated between flexicurve and EM method using P55 fit for trunk shape of

scoliosis phantom

Left hump horizontal angle Right hump horizontal angle
Tangent | Flexicurve P55 Difference Tangent | Flexicurve PS5 Difference
(m) ©) ©) ©) (m) ©) ©) ©)
Tl 0.075 29 31.867 2.867 T1 0.075 -43 -42.994 -0.006
0.1 27 33.319 6.319 0.1 -42 -40.602 -1.398
0.125 26 33.085 7.085 0.125 -40 -39.147 -0.853
0.15 25 32.375 7.375 0.15 -36 -37.686 -1.686
Tangent | Flexicurve P55 Difference Tangent | Flexicurve P55 Difference
(m) ©) ©) ©) (m) ©) ©) ©)
T8 0.075 33 33.697 0.697 T8 0.075 -36 -41.819 -5.819
0.1 32 34.110 2.110 0.1 -35 -40.127 -5.127
0.125 30 33.674 3.674 0.125 -34 -38.833 -4.833
0.15 28 32.822 4.822 0.15 -31 -37.494 -6.494
Tangent | Flexicurve P55 Difference Tangent | Flexicurve P55 Difference
(m) ©) ©) ©) (m) ©) ©) ©)
L1 0.075 34 32.351 1.649 L1 0.075 -41 -41.976 -0.976
0.1 31 32.992 1.992 0.1 -39 -40.076 -1.076
0.125 29 32.690 3.690 0.125 -37 -38.685 -1.685
0.15 28 31.934 3.934 0.15 -34 -37.278 -3.278

(T,thoracic; L, lumbar; m, metres; °, degrees; P55, polynomial 55 function; -, minus)
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Table 29.

Comparison of T1, T8 and L1 angles calculated between flexicurve and EM method using Lowess fit for trunk shape of

scoliosis phantom

Left hump horizontal angle Right hump horizontal angle
Tangent | Flexicurve | Lowess | Difference Tangent | Flexicurve | Lowess | Difference
(m) ©) ©) ©) (m) ©) ©) ©)
Tl 0.075 29 32.329 3.329 T1 0.075 -43 -46.915 -3.915
0.1 27 31.764 4.764 0.1 -42 -44.132 -2.132
0.125 26 30.278 4.278 0.125 -40 -41.840 -1.840
0.15 25 28.723 3.723 0.15 -36 -39.306 -3.306
Tangent | Flexicurve | Lowess | Difference Tangent | Flexicurve | Lowess | Difference
(m) ©) ©) ©) (m) ©) ©) ©)
T8 0.075 33 31.656 1.344 T8 0.075 -36 -38.232 -2.232
0.1 32 30.623 1.377 0.1 -35 -37.489 -2.489
0.125 30 29.198 0.802 0.125 -34 -36.658 -2.658
0.15 28 27.831 0.169 0.15 -31 -35.623 -4.623
Tangent | Flexicurve | Lowess | Difference Tangent | Flexicurve | Lowess | Difference
(m) ©) ©) ©) (m) ©) ©) ©)
L1 0.075 34 31.857 2.143 L1 0.075 -41 -42.685 -1.685
0.1 31 30.963 0.037 0.1 -39 -40.433 -1.433
0.125 29 29.690 0.690 0.125 -37 -38.483 -1.483
0.15 28 28.348 0.348 0.15 -34 -36.086 -2.086
thoracic; L, lumbar; m, metres; ©, degrees; Lowess, Lowess function; -, minus)

(T,
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4.2.3 Tangent length

The extension, flexion and neutral trials indicated that slightly different angles are
calculated for different tangent lengths. However, the variability was low suggesting
that the tangent length does not have a significant effect on trunk shape
measurements. A good example of this is shown in Figure 45 for the left T1 hump
horizontal angle of an extension trial (TSE3) whereby, the angles calculated with the
polynomial 55 function across the 4 different tangent lengths yield a sd of 0.515°.
However, this conclusion is in relation to models with a ‘flat hump’ surface. As a result,
analysis of data from the scoliosis trials will provide better conclusions for the effect of

tangent length on trunk shape measurements made with the EM method.

4.6
4.4
4.2

3.8
3.6

Angle (degrees)

3.4
3.2

0.075 0.1 0.125 0.15

Tangent length (metres)

Figure 45. Left T1 hump horizontal angles calculated across the different tangent

lengths for one extension trunk shape trial using the polynomial 55 function

Based on recommendations above, investigation of the mean ‘scoliosis’ angles
calculated with the Lowess and polynomial 55 functions for different tangent lengths
were conducted. Most commonly, the trend indicated that the hump horizontal angle
decreased as the tangent length increased. However, there was frequently low
variability seen in the angles calculated for each tangent length. This is demonstrated
by the mean sd of polynomial 55 angles calculated at each tangent length being <1.5°.

Thus, it can be concluded that the tangent length chosen for trunk shape
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measurements should not affect results as long as the measurer uses the tangent

length consistently.

To summarise, the sd of angles calculated with different tangent lengths was low for
the extension, flexion and neutral trials. Nonetheless, these models had a ‘flat hump’
surface so, conclusions from the scoliosis trials are likely to be better. In the scoliosis
trials there was generally a pattern of decrease in the hump horizontal angle as the
tangent length increased. Even so, low variability between the angles at different
tangent lengths was found suggesting that the tangent length chosen shouldn’t

significantly affect trunk shape measurements as long as it is used consistently.

4.2.4 Reliability

The ICC’s for polynomial 55 and Lowess functions were calculated for the extension,
flexion and neutral trials at each tangent length and then used to also calculate the
MDC and SEM (Table 30). ICCs were shown to be excellent for the Lowess function
(0.994-0.996) but poor for polynomial 55 (0.464-0.498). Smaller MDC and SEM values
were also seen for Lowess (MDC = 0.18° to 0.2°, SEM = 0.06° to 0.07°) compared to
the polynomial 55 function (MDC = 2.1° to 2.2°, SEM = 0.7° to 0.8°). Although errors
were low for both fits showing trunk shape angles calculated with the EM system were
highly consistent, the reliability estimates and absolute reliability were better for the

Lowess function.

Table 31 shows the ICC, MDC and SEM for polynomial 55 and Lowess mathematical
functions in the scoliosis trials. Good-to-excellent ICC results (0.809-0.999) were
found for both mathematical functions with excellent results seen for the 0.075m
tangent length. SEM results were similar for both functions (0.07° to 1.4°) but MDC
values slightly lower for the polynomial 55 fit (MDC = 0.2° to 1.6°) compared to the
Lowess function (MDC = 0.3° to 4.0°). However, both functions demonstrated similar
MDCs for the 0.075m tangent and generally, reliability results worsened as the tangent
length increased. This demonstrates that the EM system is capable of measuring an

altered trunk shape and is able to detect changes to trunk shape.

Altogether, the results indicated that for trunk surfaces the Lowess function is the most

reliable. For an altered trunk shape both mathematical functions had good-to-excellent
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reliability and low SEM however, lower reliability estimates may be yielded by bigger

tangent lengths.

Table 30. Trunk shape ICC, MDC and SEM results for polynomial 55 and Lowess fit

of extension, flexion and neutral phantoms

Mathematical

smoothing function

Tangent Length (m)

Reliability | 0.075 | 0.1 | 0.125 | 0.15
P55 ICC 0.4967 | 0.4636 | 0.4663 | 0.4979
MDC (°) | 2.2083 | 2.1387 | 2.1134 | 2.0693
SEM (°) | 0.7967 | 0.7716 | 0.7625 | 0.7465
Lowess | ICC 0.9959 | 0.9956 | 0.9951 | 0.9944
MDC (°) | 0.1760 | 0.1752 | 0.1830 | 0.1981
SEM (°) | 0.0635 | 0.0632 | 0.0660 | 0.0715

(P55, polynomial 55 function; ICC, intra-class correlation coefficient; MDC, minimal
detectable change; SEM, standard error of measurement; ©, degrees; m, metres)

Table 31. Trunk shape ICC, MDC and SEM results for polynomial 55 and Lowess fit

of scoliosis phantom

Mathematical

smoothing function

Tangent Length (m)

Reliability | 0.075 | 0.1 | 0.125 | 0.15
P55 ICC 0.0981 | 0.8434 | 0.8443 | 0.8446
MDC (°) | 0.1989 | 1.5525 | 1.4424 | 1.3875
SEM (®) | 0.0718 | 0.5601 | 0.5204 | 0.5006
Lowess | ICC 0.9985 | 0.8350 | 0.8236 | 0.8093
MDC (°) | 0.2632 | 2.4918 | 3.3124 | 3.9571
SEM (°) | 0.0950 | 0.8990 | 1.1950 | 1.4276

(P55, polynomial 55 function; ICC, intra-class correlation coefficient; MDC, minimal
detectable change; SEM, standard error of measurement; ©, degrees; m, metres)
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4.2.5 Trunk Shape - summary of results

Mathematical fitting function

Extension, flexion and neutral trials

Polynomial 44, 55 and Lowess functions had similar r2and RMSE values.
Polynomial 22 and 33 functions had more variable r2 and RMSE results.

No differences were seen for angles calculated between the polynomial 44, 55 and

Lowess functions.

Scoliosis trials

Polynomial 44, 55 and Lowess functions had similar r2and RMSE results.

No differences were seen between the computed angles of polynomial 55 and

Lowess fits.

Differences were observed between some angles computed for the polynomial 44

and 55 functions.

Tangent length

Across all trials, the variability in angles calculated at different tangent lengths was

low.

There was a general pattern of decrease in angles calculated in the scoliosis trials

as the tangent length increased.

Validity

Extension, flexion and neutral trials

Angles calculated using the polynomial 55 and Lowess function were <3° different

from angles calculated with a flexicurve.

Angles calculated with the polynomial 55 function were commonly the closest to zero

(known truth).

Scoliosis trials
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The largest difference seen between the flexicurve and EM system was 4.8° for the

Lowess function and 7.4° for the polynomial 55 function.

Reliability

Extension, flexion and neutral trials

ICCs were excellent for the Lowess function and poor for the polynomial 55 function.

The Lowess function had smaller MDC and SEM results compared to the polynomial

55 function.

Scoliosis trials

ICCs were good-to-excellent for the polynomial 55 and Lowess functions.

SEM results were similar, but MDC results were better for the polynomial 55

function.

As the tangent length increased, reliability results worsened for both functions.
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4.2.6 Trunk Shape - summary of recommendations and conclusions

Mathematical fitting function

Polynomial 22 and 33 functions containing r? values <0.97 and RMSE values >0.005

should not be used for trunk shape measurements.

The polynomial 44 function should also not be used as differences were seen
between angles calculated with this and the polynomial 55 function in the scoliosis

trials.

Tangent length

It is recommended that tangent lengths should not be used interchangeably but if
used consistently, the tangent length chosen should not significantly affect trunk

shape measurements with an EM system.

Validity
The EM method is valid for measurements of trunk shape and altered trunk shape.
The polynomial 55 function may have higher validity for ‘flat hump’ surfaces.

For altered trunk surfaces, higher validity was seen for the Lowess function.

Reliability

The Lowess function had better reliability results than the polynomial 55 function for

measurements of ‘flat hump’ surfaces.

Both functions were reliable for measurements of an altered trunk surface and had
low SEM.

Overall

It is recommended that the Lowess function should be used for trunk shape

measurements with an EM system because:
It yielded high r> and RMSE results across all trials,

It didn’t calculate different angles from the polynomial 55 function,
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It had higher validity for measurements of an altered trunk surface,
It yielded good-to-excellent ICC results across all trials,
It had the best MDC and SEM in measurements of ‘flat hump’ surfaces and

It had low SEM in measurements of an altered trunk surface.

126



Chapter 5. Discussion

This thesis aimed to build upon previous research by Singh et al. (2010) and Gonzalez-
Sanchez et al. (2014) to develop a method for measuring spinal and trunk shape
utilising an EM device. This was achieved through the development of a data capture
and processing method that extended spinal shape analysis to also include
guantification of trunk shape. To our knowledge, this study is the first to measure spinal
and trunk shape using an EM system.

Data collected on extension, flexion and neutral phantom models provided proof of
concept of this method for measuring both spinal and trunk shape. Furthermore, the
capacity of this method to detect alteration in trunk shape was determined through
measurements of a pseudo-scoliosis phantom. ICC statistics from trial repeats
facilitated measurement of this method’s reliability, whilst validity was established
through comparison of angles calculated with the flexicurve. In addition, the effect of
different tangent lengths, mathematical functions and measurement techniques on
results were examined. These findings, combined with the reliability and validity
outcomes, enabled specific conclusions and optimal recommendations concerning the

method’s use in measurements of spinal and trunk shape to be made.

5.1 Reliability of spinal shape measurements

Reliability results of spinal curvature are compared to those reported in earlier studies
(Table 32). In this thesis, spinal shape measurements using an EM method exhibited
excellent repeatability (ICC = >0.999). This degree of reliability is consistent with
previous research that used a similar methodology (Singh et al. 2010; Gonzalez-
Sanchez et al. 2014). In these studies, excellent (ICC = 0.93, 0.98) (Singh et al. 2010)
and high (Cronbach’s alpha = 0.82-0.92) intra-rater reliability within-day was
demonstrated in ‘healthy’ (Singh et al. 2010), normal weight and obese participants
(Gonzalez-Sanchez et al. 2014). However, Singh et al. (2010) and Gonzalez-Sanchez
et al. (2014) only investigated standing, whereas this study explored extension, flexion
and neutral shapes. Therefore, the reliability of the EM method for spinal curvature

measurements can be extended to different shapes based on this research.
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Table 32. Sagittal spinal curvature reliability results of the present study compared with those in the literature

Study Method Reliability investigated Sagittal reliability results SEM
Present EM Intra-rater ICC = 0.9997-0.9998 0.004-0.006°
Hart and Rose (1986) Flexicurve Test-retest ICC =0.97 Not reported
Lovell et al. (1989) Flexicurve Intra-rater ICC =0.73-0.94 Not reported
Inter-rater ICC = 0.41-0.54
Youdas et al. (1995) Flexicurve Intra-rater ICC =0.82-0.98 Not reported
Inter-rater ICC = 0.84-0.98
Hinman (2004b) Flexicurve Inter-rater ICC = 0.60-0.94 Not reported
Mannion et al. (2004) Spinal mouse Intra-rater ICC =0.67-0.92 2.4-6.2°
Inter-rater ICC = 0.64-0.93 2.2-7.0°
Dunleavy et al. (2010) Flexicurve Intra-rater ICC = 0.61-0.97 0.35-2.0°
Inter-rater ICC = 0.56-0.72
Lewis and Valentine (2010) Inclinometer Intra-rater ICC =0.97 1°, 1.7°
Singh et al. (2010) EM Intra-rater ICC = 0.93,0.98 1.51°, 1.57°
Williams et al. (2010) Fibre-optic Repeated measures CMC =0.97-0.98 Not reported
Czaprowski et al. (2012) Inclinometer Intra-rater Cronbach’s alpha = 0.83 and 0.87 | Not reported
de Oliveira et al. (2012) Flexicurve Intra-rater ICC =0.83,0.78 Not reported
Inter-rater ICC =0.83,0.94
Williams et al. (2012) Fibre-optic Repeated measures CMC =>0.81, ICC =>0.99 Not reported
Gonzalez-Sanchez et al. (2014) | EM Intra-rater Cronbach’s alpha = 0.90-0.92 Not reported
Maclintyre et al. (2014) Inclinometer Test-retest ICC = 0.90-0.91 2.5-3.5°
Topiladou et al. (2014) Spinal mouse Intra-rater ICC =0.88-0.99 0.32-2.74°
Sedrez et al. (2016) Flexicurve Test-retest ICC =0.80, 0.93 2.5° 4.3°
Intra-rater ICC =0.82, 0.67 4.1°, 5.7°
Inter-rater ICC =0.83,0.72 4.1°, 5.7°
Was et al. (2016) Inclinometer Test-retest ICC = 0.70-0.90 Not reported
Quek et al. (2016) Kinect (3-D depth camera) Intra-rater ICC =0.96, 0.81 0.69°, 1.07°
Roghani et al. (2017) Spinal mouse Intra-rater ICC = 0.89-0.97 1.41-1.75°

(EM, electromagnetic; SEM, standard error of measurement; ICC, intra-class correlation coefficient; CMC coefficient of multiple correlation; °, degrees; 3-

D, 3 dimensional)

128



In comparison to previous studies with an EM device, other methods have investigated
the reliability of spinal curvature measurements in positions different from standing.
Similar to this study, Roghani et al. (2017) combined ICC values for sagittal neutral
standing, flexion and extension postures, reporting good-to-excellent intra-rater
repeatability for the spinal mouse method (ICC = 0.89-0.97) (Roghani et al. 2017).
These ICC values are lower than those reported in this thesis which may be explained
by the difficulty of ensuring participants adopt identical postures for each trial repeat.
As Roghani et al. (2017) measured human populations and between-day,
inconsistencies in the actual degree of curvature assessed may have arisen on the
separate occasions. This would not have been a problem in the present study as the

shape of the phantom models remained consistent, owing to the higher reliability seen.

It appears that repeatability of spinal shape is dependent on multiple factors including
method, measurement protocol, spinal region and analysis conducted. Across the
literature, wide variations are evident in reliability estimates of sagittal spinal curvature
measurements with surface methods (Table 32). Previously, the best ICC values
(>0.99) were reported by Williams et al. (2012) for a fibre-optic device. However, this
study only investigated the lumbar spine. Conversely, excellent ICC values were
shown in this research across thoracic and lumbar curvature measurements. These
compare favourably with those reported in earlier works. One possible explanation for
this is the absence of human variability or human error. Reliability is often built around
the method of application which was explored in this thesis by using phantom models
instead of human participants. Accordingly, the natural variability associated with
research in-vivo was removed. This includes subtle postural shifts, issues with skin
movement and interactions between investigator and participant. Elimination of these
potential sources of error is likely to have enhanced this study’s reliability to the extent

that spinal shape results were statistically excellent.

SEM for spinal curvature with the EM method was shown to be 0.004 to 0.006° in the
present study. This is smaller than the SEM reported in earlier research using a similar
method (0.56° to 1.6°) (Singh et al. 2010). It is also considerably lower than intra-rater
SEMs reported for the flexicurve (0.35° to 2.0°) (Dunleavy et al. 2010) (4.1° to 5.7°)
(Sedrez et al. 2016), spinal mouse (2.4° to 6.2°) (Mannion et al. 2004) (0.32° to 2.74°)
(Topiladou et al. 2014) (1.41° to 1.75°) (Roghani et al. 2017) and inclinometer (1° to
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1.7°) (Lewis and Valentine 2010) (2.5° to 3.5°) (Macintryre et al. 2014) (Table 32).
Explanation could further be attributed to the absence of humans since, in this
research, the method of studying phantoms means error contributions are limited to
the measurement system and/ or operator only. Even so, the SEM results are
extremely small (<0.007°) indicating a high precision of spinal curvature
measurements with an EM device and thus, high absolute reliability of this method.
This therefore seems to suggest that the error of variance due to operator and system

were extremely low.

To estimate the value beyond which true change has occurred, the MDC was also
presented in this study. This metric is a measure of how sensitive a device is to
detecting change. The MDC values reported in this thesis for spinal curvature are very
small (0.02 to 0.14°) (Table 19), further suggesting that the error induced by system
and/or operator are minimal. Despite this, it is not clear if such small errors would occur
with other operators because between operator comparisons were beyond the scope
of this thesis. Furthermore, inter-rater reliability using an EM method is yet to be
explored in the literature. Nevertheless, the skill of tracing spinal shape is not
particularly onerous. It is also similar to that of the spinal mouse method where
research has shown an increase of only 0.8° for the largest SEM reported between
intra- and inter- rater investigations (Mannion et al. 2004). Based on these results,
increased error of 0.8° would still keep the SEM of the EM method below that of other
surface curvature devices. Nevertheless, research is warranted to determine whether
low error and consistent measures of spinal curvature would result between operators
with this method.

Overall, this study has shown spinal shape measurements with an EM system have
excellent reliability and low SEM for extension, flexion and neutral spine shapes.
However, the absence of human error may explain why the reliability is statistically
excellent, higher than previous studies using a similar methodology and the highest
reported in the literature for surface curvature methods. Future studies should
investigate measurements between different operators to further explore sources of

error thus, improving the understanding of error contributions with this EM method.

5.2 Critique of existing surface methods
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Whilst many devices are available for detecting spinal shape or curvature, it is
apparent that, prior to this study, not one method has been extended to include
measurement of trunk shape or assessment of altered trunk shape. This lack of
enhanced application may be explained by each method’s inherent limitations. Given
that both the flexicurve and inclinometer are limited to the points directly measured by
the instrument, many measurements would be required to measure the whole trunk.
This would be extremely time consuming. Equally, the fibre-optic method and Kinect
method remain in their infancy. Hence, without significant computing input,
computation remains non-automated and experimental. Research has highlighted the
spinal mouse as promising. However, it is constrained by the operating software to
work only as specifically designed. Consequently, measuring regions not directly
representing spinal shape (i.e. spinous processes) are currently beyond the

measurement capacity of this device.

In view of all these limitations, the EM method provided the greatest opportunity to
extend spinal shape measurements to include trunk shape. As a result, in the initial
phases of this research, a novel method to quantify trunk shape utilising an EM system
was developed. Subsequently, the reliability of this method to measure flat and altered
trunk surfaces were investigated. This overcame the insufficiencies identified in the

literature.

5.3 Reliability of trunk shape measurements

This novel method was shown to have excellent reliability (ICC = 0.994-0.996) (Table
30) for trunk shape measurements of extension, flexion and neutral models. However,
good-to-excellent results (ICC = 0.809-0.999) (Table 31) were seen for measurements
of a pseudo-scoliosis phantom. With such promising results, future research should
apply this method in humans as well as, populations with known deformity to further

determine reliability of trunk shape measurements using this EM method.

Importantly, the challenge in evaluating trunk surface asymmetry comes from the
precision and accuracy required by a method to quantify small but significant changes
to trunk shape (Pazos et al. 2007). In this study, low SEM results were found for trunk
shape measurements across the flexion, extension, neutral (0.06° to 0.07°) and

scoliosis (0.09° to 1.4°) trials. This demonstrates high absolute reliability of the method
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to measure different and altered trunk surfaces. Similarly, the MDC results are low
(0.18 to 4.0°), highlighting the sensitivity of this method to detect changes in trunk

shape.

Sensitivity of an instrument is important for the screening and monitoring of conditions,
like scoliosis, where changes in spinal and trunk shape occur gradually over-time as
deformity develops (Hawes and O’Brien 2006; Janicki and Alman 2007; Latalski et al.
2017; Dunn et al. 2018). It is also a significant factor associated with examining the
effectiveness of treatments that provide progressive correction to such deformities
(Marquez et al. 2012). Examples include surgical interventions, physiotherapy and
orthotics (Leblanc et al. 1998; Pazos et al. 2005; Zabjek et al. 2005). Following surgery
Liang et al. (2012) found a mean scoliotic curvature change of 13.5° at follow up whilst
other studies reported mean changes of 10.9° (Pellios et al. 2016) and 13.41° (Aulisa
et al. 2017) after years of brace application. This demonstrates that the proposed
method is sensitive to investigate these spinal shape changes over-time but future
research should also explore the method’s use in monitoring trunk shape changes

over-time.

To summarise, this research resolved challenges identified in previous literature by
extending a surface curvature measurement method beyond spinal shape to also
include quantification of trunk shape. Measurements of trunk shape with this novel
method yielded excellent reliability for extension, flexion and neutral models, whilst
good-to-excellent outcomes were found for measurements of a pseudo-scoliosis
phantom. Moreover, SEM and MDC results highlighted the sensitivity of the EM
method to measure, and detect changes to, trunk shape. This is important for the
application of such devices in the screening and monitoring of disease and treatment
outcomes. Future studies should now be employed to measure trunk shape in humans
and individuals with known deformity. Additionally, research should investigate the
method’s use in monitoring trunk shape changes over-time resulting from either

natural disease progression or treatment intervention.

5.4 Data capture technique

The mean of three repeats is often used in healthcare assessments because one

measurement rarely provides accurate enough data sufficient for its application. In this
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study, three data trials were conducted for both spinal and trunk shape measurements
of the extension, flexion and neutral models using either a ‘consecutive’ or ‘non-
consecutive’ data capture technique. It was hypothesized that the consecutive data
trials would yield better reliability due to the nature of this technique and thus, the
elimination of sources of error. However, the CoV results (Table 18) suggest

otherwise.

Although higher CoV values were seen in the spinal shape non-consecutive trials,
most trials had a CoV <1%. This suggests that the consecutive technique does not
produce significantly more reliable results than the non-consecutive technique. In
clinical assessments, it is unlikely that an individual would have to maintain one
specific position for the prolonged period of time required to complete three data trials,
particularly in the case of trunk shape tracing. Therefore, the non-consecutive

technique is more reflective of real-world applications.

In summary, the consecutive data capture technique does not produce significantly
more reliable results than the non-consecutive technique with this EM method. As the
non-consecutive approach reflects clinical applications better, error should remain low,

yielding reliable results for spinal and trunk shape.

5.5 Validity

Reliability is not the only important component when deciding whether a method can
be implemented for use in a clinical environment. Confirming that the device yields
valid results is also essential. This is of particular significance when the aim of such a
method is to assess the extent of disease, deformity or injury as well as, examine the

effectiveness of interventions.

Although the reliability of spinal shape measurements with an EM system has
previously been established (Singh et al. 2010; Gonzalez-Sanchez et al. 2014), this
study is the first to show the method to be valid. For this research, the concern was
whether or not the angles computed with the EM system accurately represented the

actual tangent or resultant angle of the anatomical region being investigated.
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Typically, an established gold-standard comparator is used in order to make such an
assessment of accuracy. However, this is difficult to do for spinal and trunk posture
since this remains the domain of radiography where accessibility, cost and radiation
exposure are significant restrictions. Nevertheless, previous research has validated
the flexicurve technique against x-ray analysis of spinal curvature (Teixeira et al. 2007,
de Oliveira et al. 2012; Grindle et al. 2020). Therefore, the flexicurve was identified as

a suitable alternative comparator for assessment of validity.

Spinal shape measurements with the EM system were shown to be valid (£6.0°
different to flexicurve method). However, there may be several explanations for the
differences in angles calculated between the two methods. Firstly, a protractor does
not measure to any decimal places unlike the EM system. Secondly, multiple stages
of the flexicurve process are associated with measurement error. These errors are
widely documented in the literature and include loss of format of the flexicurve, its
alignment on paper, differing thickness of drawn lines and the marking of co-ordinates
(de Oliveira et al. 2012).

For trunk shape measurements of the extension, flexion and neutral shapes,
differences between the flexicurve angles and EM system were <3.0°. However, it is
unclear why each method failed to consistently yield angles more similar to Q°
considering the ‘hump’ surface of these models remained flat in the transverse plane.
Therefore, neither the flexicurve nor EM system may be particularly suited methods
for measuring flat trunk surfaces. Given that the EM system ‘models’ surfaces as a
series of curves, measurements of flat surfaces may be particularly challenging with
this method. Despite this, the surface of an individual’s trunk is rarely completely flat
thus, this is unlikely to be a problem in a clinical environment.

Additionally, flat surfaces are not the best way of determining the validity of the EM
system to measure trunk shape. Therefore, comparisons of computed angles
measured from the pseudo-scoliosis phantom with the flexicurve ‘truth’ may be more
useful. Between the two methods, calculated angles were no more than 4.6° different,
demonstrating validity of this method in measurements of altered trunk surfaces.
Provided the flexicurve angles are a good representation of the truth, this puts the
error of the EM system below that previously accepted for radiographic evaluation (5°)
(Morrissy et al. 1990).
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Overall, the spinal and trunk shape angles calculated with the EM system were shown
to be valid against corresponding angles calculated with the flexicurve. However,
caution is advised in using the flexicurve as a gold-standard comparator due to its
measurement error and, possibly, its limited validity in measuring flat surfaces.
Nevertheless, lower validity is likely to be seen for measurements of ‘flat hump’
surfaces with the EM method, but this shouldn’t to be a concern for clinical

applications.

5.6 Study methodology

It became apparent that several assumptions concerning the data processing of spinal
shape measurements with an EM device had been made in previous studies (Singh
et al. 2010; Gonzalez-Sanchez et al. 2014). This included the 5" order polynomial and
0.05m tangent length being the ‘optimal’. However, during this thesis’ development of
methods (section 2.3.1), the 5" order polynomial was seen to be a poor representation
of data when the spinal shape was unusual (condition 3 (Figure 12)). Furthermore,
depending on the area of interest and where the tangent spanned, a loss of shape

could result when using larger tangent lengths.

Robust methods offer the opportunity for increased quality and optimised operational
performance which is an important consideration in the development of healthcare
devices (Clarkson et al. 2018). As a result, instead of maintaining these assumptions,
this study employed a more systematic approach to optimisation. This guided the
exploration of the ‘optimal’ mathematical fit and tangent length for spinal and trunk

shape measurements respectively.

The 6" order polynomial was identified as the best mathematical fit for spinal shape
measurements. This is different to the 5t order polynomial used in previous research
(Singh et al. 2010; Gonzalez-Sanchez et al. 2014). Although the inferences seen in
this literature remain acceptable and were demonstrated as appropriate for this
previous research, this study has been able to quantify that a 6 order polynomial may
be more optimal for the range of spinal shapes likely to be experienced in the clinic. It
was concluded that Lowess was the best surface fitting function for trunk shape

measurements.
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Concerning tangent length, the conclusion of this study was that even though the
tangent length should not significantly affect the spinal and trunk shape angles
calculated, they should not be used interchangeably. Differences were evident across
the tangent lengths investigated but the pattern of change depended on the variable
analysed. This demonstrates that tangent length may be influenced by the anatomical
region being investigated. Cases of a surface device ‘house’ with larger dimensions
results in essentially a ‘large’ tangent length for orientation calculation. For example,
a wireless EM device for surface mounting (Liberty Latus) uses sensors 8.9cm x 4.2cm
x 2.5cm (Polhemus 2020b). This can result in a tangent length of 9cm (depending on
mounting) compared to another sensor (XSens DOT) with dimensions of 3.6cm X
3.0cm x 1.1cm (Xsens 2020). The findings of this thesis therefore suggest that these

devices should not be used interchangeably.

In summary, compared to previous research of surface curvature measurements with
an EM system, this study demonstrated a systematic approach to the methodology
enabling informed recommendations to be made concerning ‘optimal’ data processing
techniques. The 6™ order polynomial and Lowess functions were found to be the
optimal mathematical functions for spinal shape and trunk shape respectively.
Conclusions as to the optimal tangent length were unable to be reached for spinal and
trunk shape. However, recommendations concerning the use of tangent lengths
consistently, not interchangeably, were made. Furthermore, specific applications of

this method should be considered when deciding the optimal tangent length.

5.7 Clinical applications

The measurement of spinal and trunk posture are common features evident in the
clinical assessment of many conditions (Fortin et al. 2011). As a result, measurement
techniques for spinal and trunk shape are important tools required for clinicians. Yet,
commonly these examinations involve qualitative assessment such as observation or
clinical outcome measures (Fedorak et al. 2003; Pazos et al. 2007), where a flaw of
such approaches lies within its subjectivity (Fortin et al. 2011). Alternatively, for
guantitative measures, reliance remains on radiographic evaluation as the gold-
standard (Pazos et al. 2007). However, surface curvature methods have been
developed to overcome the limitation of repeated radiation exposure associated with

this gold-standard. In spite of this, none of these surface methods have been extended
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beyond spinal shape measurements. For these reasons, it is well recognised that there
is clinical need for a new measurement method for evaluating both spinal and trunk

posture.

This thesis has presented a new and innovative method of measuring spinal and trunk
shape with an EM system. Through research on phantom models, this study has
demonstrated that it is possible to measure and detect changes to both spinal and
trunk shape objectively without involving repeated exposure to radiation or invasive
methods. Since the data in this study was found to be reliable and valid, this method

has the potential for routine clinical practice.

This holds exciting prospects for healthcare. For instance, spinal shape forms a
fundamental part of the clinical assessment of conditions like osteoporosis. Therefore,
the method could become a standard measure for such a disease, especially in cases
involving curvature change but in the absence of trauma or suspected fracture.
Similarly, going beyond the limits of spinal shape means the method, as developed in
this thesis, can also provide information pertaining to trunk shape. This could be
applied clinically in the study of pregnancy related postural changes whereby, use of
this method could permit opportunities to investigate these over-time. Therefore,

complimenting existing research in this area.

Combined evaluation of spine and trunk shape also holds significant potential in
scoliosis where postural change is a consequence (Heitz et al. 2018) and closely
correlated with spinal curve progression (Dalleau et al. 2012). Thus, this method could
serve as a mass screening tool for scoliosis in adolescents, resulting in early, non-
invasive identification. Equally, the method could be appropriate in neurological
populations where pathologies are often linked with postural impairments (Genthon et
al. 2007; Fortin et al. 2011; Trompetto et al. 2014). This highlights that the application
of this method is not restricted to musculoskeletal disorders. To this end, the method
has potential to assist in the identification of conditions, improve monitoring of such
conditions and evaluate the effect of treatment interventions. This could lead to
increased understanding of the implications to posture, kinematics and functioning in

the presence of disease.

5.8 Method Evaluation
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This EM method is clinically attractive because it is non-invasive, non-ionising and of
a relatively low cost (£2000-£6000). Nevertheless, disadvantages of an EM system
are documented in the literature. This includes optimum operational zones which may
affect the accuracy of measurements depending on the distance between the source
and sensor, constraining data collection (Milne et al. 1996; Bull and Amis 1997;
Schuler et al. 2005; Wong and Wong 2008; Franz et al. 2014). Measurements could
also be adversely affected by the presence of metallic objects (Milne et al. 1996;
Burnett et al. 2004; Ng et al. 2009; Franz et al. 2014). Consequently, this method may
not be suitable for some patients such as those with metallic implants or prostheses
(Wong and Wong 2008). To this extent, case by case considerations are important but

rarely is there a clinical measurement that suits all individuals.

Besides this, the method does not allow for dynamic motion capture and although the
tracing of spinal shape is quick and simple, trunk shape tracing might be slightly more
time consuming. In addition, the method does involve the use of mathematical
eguations that may not be understood by clinicians and currently, there is no software
available with computations ‘built in’. Even so, understanding of these calculations is
not required in order to perform spinal and trunk shape measurements. Furthermore,
specific algorithms or programs could be written to perform all the data processing
tasks, producing results almost immediately and making the method easier for use in

clinical contexts.

In summary, this thesis has addressed a clinical need by developing a method using
an EM system to measure trunk shape in addition to spinal shape. This objective
quantification of spinal and trunk shape in clinical applications could benefit the
examination and understanding of many diseases. Meanwhile the non-invasive, non-
lonising, simple and low-cost features of this method make it clinically attractive.
However, limitations to this novel method are evident but solutions to minimise these

exist, meaning the method has potential for future routine clinical use.
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Chapter 6. Limitations and conclusions

6.1 Study limitations

A limitation of the present study is that it did not investigate human participants.
Therefore, it is unknown whether humans can remain stationary or tolerate specific
positions for the time is takes to complete data capture with this method. Thus, future

work investigating these considerations is warranted

Furthermore, variability in humans is a common phenomenon, and source of error,
that can directly impact reliability of measurement tools. Therefore, extrapolation of
the findings is limited. Reliability of this method in human populations for spinal shape
measurements have been shown (Singh et al. 2010; Gonzalez-Sanchez et al. 2014).
However, similar research applying this novel method in-vivo to measure spinal and
trunk shape is further required. In addition, inferences regarding the method’s use in
intended populations for its clinical application cannot be made without research into

those with injury or disease and over-time.

Another limitation is that this study failed to investigate elements of data capture that
may impact results. For example, the sampling time could alter the accuracy of angles
calculated with the EM system. Consequently, additional research may be needed to
investigate such influences. This could provide further recommendations for

optimisation of this method, increasing its robustness.
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6.2 Conclusion

This thesis delivers a valid and reliable novel method for measuring spinal and trunk
shape utilising an EM system. This work has built upon earlier research, overcoming
the insufficiencies of previous literature and surface measurement methods to address

a clinical need.

The results illustrate proof of concept of this method in determining spinal and trunk
shape which are integral components in the clinical assessment of many disorders.
For spinal shape measurements, reliability results are excellent and compare
favourably with previous studies. Trunk shape reliability with the method is also
excellent and all measurements with the EM system have high absolute reliability,
showing its capacity to detect alteration in spinal and trunk shape. Furthermore,
computed angles are similar to corresponding angles obtained with the flexicurve,

demonstrating this method’s validity.

The results show the 6™ order polynomial equation is optimal for spinal shape
measurements with this EM method. Comparatively, the Lowess function is
recommended for trunk shape analysis. Conclusions as to the optimal tangent length
were unable to be reached but are likely influenced by the variable and region being
investigated. Thus, specific applications of the method should be considered when
deciding which tangent length to use. Additionally, the data capture technique used

for the three measurement repeats should not affect reliability results.
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6.3 Recommendations for future work

e Research trunk shape measurements in-vivo with this method.

e Determine the effect of human error and variability on the reliability and
validity of trunk shape measurements with this method.

e Explore between operator reliability of spinal and trunk shape
measurements with this method.

e Explore within-day and between-day reliability of spinal and trunk shape
measurements with this method.

¢ Investigate different data capture parameters, including time, that may alter
results and make further recommendations to this method based on these
findings.

e Measure spinal and trunk shape with this method in individuals with known
deformity or disease.

e Investigate this method’s usefulness in monitoring changes to spinal and
trunk shape over time due to natural disease progression or treatment

intervention.
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