THE HONG KONG
Q POLYTECHNIC UNIVERSITY
& Fenian

Pao Yue-kong Library
BEREEE

Copyright Undertaking

This thesis is protected by copyright, with all rights reserved.
By reading and using the thesis, the reader understands and agrees to the following terms:

1. The reader will abide by the rules and legal ordinances governing copyright regarding the
use of the thesis.

2. The reader will use the thesis for the purpose of research or private study only and not for
distribution or further reproduction or any other purpose.

3. The reader agrees to indemnify and hold the University harmless from and against any loss,
damage, cost, liability or expenses arising from copyright infringement or unauthorized
usage.

IMPORTANT

If you have reasons to believe that any materials in this thesis are deemed not suitable to be
distributed in this form, or a copyright owner having difficulty with the material being included in
our database, please contact lbsys@polyu.edu.hk providing details. The Library will look into
your claim and consider taking remedial action upon receipt of the written requests.

Pao Yue-kong Library, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong

http://www.lib.polyu.edu.hk




MULTI-OBJECTIVE ANALYSIS
FOR ASSESSING THE EFFECTS OF LOAD CARRIAGE

ON THE SPINE

LI SIU WAI
Ph.D

The Hong Kong Polytechnic University

2018



The Hong Kong Polytechnic University

Department of Biomedical Engineering

Multi-objective Analysis for Assessing the Effects of

Load Carriage on the Spine

LI Siu Wai

A thesis submitted in partial fulfilment of the requirements for

the degree of Doctor of Philosophy

August 2017



CERTIFICATE OF ORIGINALITY

I hereby declare that this thesis is my own work and that, to the best of my
knowledge and belief, it reproduces no material previously published or written,
nor material that has been accepted for the award of any other degree or diploma,

except where due acknowledgement has been made in the text.

LI Siu Wai



ABSTRACT

Load carriage studies have been conducted for more than a century; however,
the possible risk load carriage poses on the human body is still not fully understood.
Although it is difficult to determine the best way to carry a load, a backpack has its
merits and comparatively more favourable human responses (in terms of subjective,
physiological, kinematic, and kinetic measures) to both light- and heavy-weight
carriage. However, the validity of symmetric backpack carriage employment to
individuals with asymmetric body alignment, such as patients with scoliosis,
remains unclear.

Most studies have evaluated various human responses to both symmetric and
asymmetric load carriage merely with respect to a single objective approach and
have not considered simultaneous changes in the human responses of interest. The
objective of this study was to investigate the effects of continuous perturbation of an
externally carried symmetric backpack carriage for healthy individuals and
asymmetric single-strap cross-chest bag carriage for patients with scoliosis in static
and dynamic situations. Changes in regional spinal curvature, trunk muscle
activation, and lumbar spine loading were evaluated through multi-objective
analysis. This was achieved by performing the present study in four interrelated
parts.

The first part of the study investigated the effect of backpack carriage on the
critical change in sagittal spinal curvature from the neutral upright stance in order

to identify the heaviness and correctness of backpack use. This was evaluated by



assessing the spinal curvature changes along the whole spine simultaneously.
Inertia-measuring sensors were used to measure the curvature changes in the
cervical, upper thoracic, lower thoracic, and lumbar regions with no-load and a
loaded backpack of up to 20% of body weight (BW). A multi-objective goal
programming (GP) model was adopted to determine the global critical load of the
maximum curvature change of the whole spine in accordance with the maximum
curvature changes of the four spinal regions. The results suggested that the most
critical backpack load was 13% of BW for healthy male college students.

The second part of the study evaluated the effects of carrying a backpack at 0%
(no-load), 5%, 10%, 15%, and 20% of BW on the simultaneous changes in trunk
muscle activation and lumbar spine loading while walking. This was investigated
using an integrated system equipped with a motion analysis, a force platform, and a
wireless surface electromyography (EMG) system to measure the trunk muscle EMG
amplitudes and lumbar joint forces. A multi-objective GP model was developed to
determine the most critical changes in trunk muscle activation and lumbar joint
loading. The results suggested that lightweight backpack carriage at approximately
3% of BW might reduce the peak lumbosacral compression force by 3% during
walking, compared with the no-load condition. The most critical changes in both
trunk muscle activation and lumbosacral joint loading were found for a backpack
loaded with 10% of BW for healthy male college students.

The third part of the study considered the effect of backpack load and boundary
condition of the optimization process on the prediction of lumbar spine loading

while walking towards the development of a computational algorithm in order to



refine an EMG-assisted optimization (EMGAQO) approach. Experimental data
collected in the second part of the study were used as input data. The refined
approach catered for the least possible number of variables and parameters in the
optimization process and was established based on parameterized muscle gains
constraining the lower boundary conditions of trunk muscle coactivations. A multi-
objective GP model was developed to determine the optimal boundary condition
along the backpack load spectrum between 0% and 20% of BW and a specifiedrange
of the boundary condition of the optimization process. The validity and reliability of
the optimal boundary condition were analyzed using leave-one-out cross-validation
and balanced bootstrap resampling methods. The refined approach provided a good
estimator in terms of its unbiasedness, consistency, and efficiency for predicting the
peak lumbosacral compression force.

The fourth part of the study proposed an asymmetric load carriage method for
correcting spinal deformity for patients with scoliosis. Scoliosis is both a subject
dependent and time-variant condition. This was investigated by employing
photogrammetry to measure the simultaneous changes in scoliotic curvature in the
thoracic and lumbar regions with no-load and with a properly controlled single
strap cross-chest bag loaded with 2.5%, 5%, 7.5%, 10% and 12.5% of BW. Statistical
tests and a multi-objective GP programming model were adopted to determine the
loading conditions (placement and weight of the bag) with optimal and minimal
corrections of the affected and unaffected scoliotic spinal regions, respectively.
Significant short-term postural correction of scoliosis could be achieved by applying

an asymmetric load on the contralateral side relative to the apex location of the



major scoliotic curve. The results suggested that the application of controlled
asymmetric load carriage might be a possible pragmatic method for correcting
scoliotic spinal curvature. Further study of the long-term effects of subject-specific
optimal asymmetric load carriage on scoliotic spinal curvatures is recommended.

In conclusion, a protocol for multi-objective analysis model was developed to
investigate the effects of load carriage on the simultaneous changes in regional
spinal curvature, trunk muscle activation, and lumbar spine loading during human
locomotion. Such a protocol might be generalized and applied to the evaluation of
other subjective, physiological, kinematic, and kinetic studies in other regions, such

as the lower and upper limbs of the human body.
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CHAPTER 1

Introduction

1.1  Load carriage studies in a multi-objective approach

Load carriage is a usual daily activity of individuals. Loads can be carried in
the hands or arms, or on the head, shoulders, front or back of the torso or pelvis, or
around the lower limbs (Knapik et al., 2004; Legg, 1985; Motmans et al.,, 2006;
Rose et al,, 2013). The mode of load carriage depends on the convenience, weight,
size, and shape of the load as well as on the duration of load carriage, culture of the
terrain, physical characteristics of individuals, personal preferences, and
requirements of the task-driven occupational activities or military operations

(Knapik et al.,, 2004; Legg, 1985).

It is hard to determine a unique best way to carry a load. The general rule is
to carry a load symmetrically and keep the center of mass of the load as close as
possible to the center of mass of the body to maintain the load distribution of the
system (body plus load) similar to the neutral upright posture in the no-load
condition (Knapik et al., 2004 ). Backpack use is a good choice in terms of its overall
and comparatively better physiological, kinematic, and kinetic measures in

response to both light- and heavy-weight carriage (Legg et al., 1992; Motmans et



al,, 2006; Rose et al., 2013; Vieira and Ribeiro, 2015). However, excessive backpack
load carriage could induce adverse effects on gait performance (Chow et al., 2005;
Majumdar et al., 2013), balance and posture control (Chow et al,, 2006a, 2014;
Janakiraman et al, 2017), spinal repositioning ability (Chow et al, 2007,
Ramsprasad et al., 2010), pulmonary capacity (Chow et al., 2009; Dominelli et al,,
2012), energy expenditure (Foissac et al.,, 2009; Tzu-wei and Kuo, 2014), rate of
muscle fatigue (Hong et al., 2008; Simpson et al, 2011a), shoulder contact
pressure (Macias et al.,, 2005; Wettenschwiler et al., 2015), and subsequently may
play a crucial role in spinal health across the full spectrum of our lifetime,

especially during puberty spurt growth (Dianat et al., 2013; Hough et al., 2006).

Common guideline recommends symmetric over asymmetric load carriage.
Whether this suggestion is valid for subjects with asymmetric body alignment,
such as patients with scoliosis, remains unclear. When patients with scoliosis carry
regular symmetric load, such as a backpack, “asymmetric” stresses are generated
on their intervertebral endplates, which may induce further asymmetric spine
growth and create a vicious cycle of scoliotic spinal progression (Fok et al., 2010).
Because spine growth is related to applied stress (Den Boer, et al., 1999; Motmans
et al,, 2006), the prescription of properly controlled asymmetric loads at either

side of the body is proposed for postural rectification in patients with scoliosis.

Previous studies have evaluated various human responses to load carriage
with respect to a single objective approach and did not consider the simultaneous

changes in physiological, kinematic, and kinetic measures. This study considered



load carriage as an external perturbation and evaluated the effects of load carriage

on these responses using a multi-objective analysis approach.

1.2  Objectives and hypotheses

This study assessed the simultaneous changes in regional spinal curvatures
in both sagittal and coronal planes, trunk muscle activation patterns, and lumbar
spine joint component forces under load carriage activities. The objectives were to
investigate the effects of symmetric load carriage for healthy individuals and
asymmetric load carriage for patients with scoliosis in static and dynamic
situations on the changes in regional spinal curvature, trunk muscle activation, and
lumbar spine loading using a multi-objective analysis approach. The hypotheses
were that appropriate predictive multi-objective spine models could be identified
and used to determine the critical changes in regional spinal curvature, trunk

muscle activation, and lumbar spine loading during load carriage activities.

1.3 Outline of the thesis

Chapter 1 illustrates the rationale, objectives, and hypothesis of the study and

briefs the contents in each chapter of the thesis.



Chapter 2 reviews relevant literature on load carriage from a historical
perspective, magnitudes and modes of load carriage, backpack carriage for normal
individuals, asymmetric load carriage for patients with scoliosis, and

multi-objective analyses in the scope of health technology assessment.

In Chapter 3, the simultaneous curvature changes in the sagittal plane in
regional spinal regions were regarded as a multi-objective analysis problem. This
part of the study aimed at investigating the most critical backpack load by
evaluating simultaneously the spinal curvature changes along the whole spine and
hypothesized that appropriate regression and multi-objective goal programming
(GP) models could be established to predict the critical regional and global spinal
curvature changes between no-load and while standing with a backpack loaded up

to 20% of body weight (BW).

In Chapter 4, simultaneous changes in trunk muscle activation and lumbar
joint loading were considered a multi-objective analysis problem. This part of the
study considered the minimum or maximum rate of change in muscle activation
and joint loading as the critical event in lumbar spine strategy to allocate the
minimum or maximum muscle activation and joint force per unit increase in
backpack load, and evaluated the impacts of backpack weight on critical changes in
trunk muscle activation and lumbar spine loading while walking. The hypothesis
was that a multi-objective GP approach could be identified and applied to
determine the most critical changes in trunk muscle activation (in terms of peak

electromyography (EMG) amplitude) and lumbar spine loading (in terms of peak



lumbosacral joint force) while walking with no-load (0% of BW) versus a backpack

loaded up to 20% of BW.

In Chapter 5, the boundary conditions of biomechanical model for predicting
spinal load were considered a multi-objective analysis problem. This part of the
study aimed at developing a refined EMG-assisted optimization (EMGAO)
approach that was minimally simple and computationally efficient in optimal
boundary condition with least possible number of variables and parameters for
predicting the lumbar joint loading during walking with a backpack carriage. The
hypothesis was that a predictive spine model could be identified and used to
determine the convergence of optimal parametric gains within a range of
boundary condition for EMGAO approach along a continuous loading spectrum

between no-load and a backpack loaded up to 20% of BW.

In Chapter 6, a pilot study was performed in asymmetric load carriage using a
single-strap cross-chest bag for patients with scoliosis. The aim of this part of the
study was to evaluate the loading configuration in both weight and position of
asymmetric load carriage. The target corrective measures of both unaffected and
affected scoliotic spinal curvatures in the coronal plane under asymmetric load
carriage were treated as a multi-objective problem. The hypothesis was that an
appropriate multi-objective GP approach could be identified and used to
determine the optimal curvature changes in both the unaffected and affected

regions of the scoliotic spine under properly controlled asymmetric load carriage.



In Chapter 7, synthesis of the applications of multi-objective analysis
approach for assessing the simultaneous changes in spinal curvature, muscle
activity pattern, lumbar spinal loading, and optimal boundary condition of an
EMGAO approach for predicting spinal load was concluded and their application

for future development in spine models was addressed.



CHAPTER 2

Literature review

2.1 Load carriage

211 Historical perspective

Load carriage studies have been conducted over a century, initially with target
soldiers and workers as participants (Carre, 1908; Bedale, 1924). Later studies
have also covered civilian users (Hale et al, 1953; Malhotra and Gupta, 1965).
Researchers have been evaluating the designs of pack, modes of carriage, and
limits of load, as well as psychological, physiological, and biomechanical responses
to load carriage under various pacing, gradient, and terrain conditions (Winsmann
and Goldman, 1976; Legg, 1985; Legg and Mahanty, 1985; Yu and Lu, 1990; Legg et

al,, 1992, 1997).

Other studies have investigated the heavy-load effects on the risk of injury in
trampers (Lobb, 2004), movement and vigilance in soldiers (Mahoney et al., 2007),
balance and decisional process in air force and army cadets (May, 2009), risk of
tripping and slipping in firefighters (Park et al., 2010), psychological, physiological,

and biomechanical responses in recreational hikers (Simpson et al.,, 2011a, 2011b,



2012a, 2012b), dynamic marksmanship in special forces soldiers (Palmer et al.,
2013), static marksmanship in tactical police officers (Carbone et al., 2014), trunk
and lower limb muscle activities in sports participants (Corrigan and Li, 2014),
performance in mountain search and rescue personnel (Conolly, 2015), carriage
efficiency in mountain porters (Bastien et al.,, 2016), and multi-factorial analysis of

backpack-related back pain in schoolchildren (Adeyemi, 2017).

2.1.2 Magnitudes of load of carriage

In developing countries, the most cost-effective material carriage mode is
head-loading. The Kikuyu and Luo women in East Africa carry load up to 70% BW
on their heads with or without a forehead-supporting strap (Maloiy et al., 1986).
Nepalese porters use a similar method to carry loads up to 70% of their BW (mean
for women) and 146% of their BW (mean for men), and even up to 183% of their
BW in rugged mountain terrain and roads (Bastien et al., 2005, 2016). Himalayan
porters carry usual loads of approximately 80-90% of their BW and extreme heavy
loads up to a maximum of 200% of their BW (Minetti et al,, 2006) in rough terrain
and steep paths up to 50% gradient in Everest mountain valley.

During military operations, ground soldiers are required to carry loads
between 34 and 61 kg (40% and 71% BW based on mean BW of 86 kg) over 10-
20-km distance (Knapik et al., 2004). Two recent studies in U.S. and Australian
soldiers reported that the mean weights of load carriage were 45 kg (52% BW) and

48 kg (56% BW), respectively (Orr et al., 2015; Seay, 2015).



Firefighters carry essential equipment in combined loads between 30 and 40
kg (35% and 47% BW, respectively, based on mean BW of 86 kg) while performing
operational duties (von Heimburg et al, 2006) that may also include a
back-loading air bottle in weight of 5.4 or 9.1 kg (Park et al., 2010).

Police officers carry approximately 7 kg of vital equipment (including mobile
phone, torch, first-aid kit, capsicum spray, handcuffs, baton, radio, firearm, and
spare ammunition) strapped to their waist while performing general duties
(Jacobsen, 2009) and up to a combined weight of 27 kg (including communication
systems, body armour, and chest rigs) while performing special tactical duties
(Carbone etal., 2014).

Mountain search and rescue personnel commonly carry light (11.3 kg) or
standard load (22.6 kg) while performing regular or arduous duty (Conolly et al,,
2015). According to the National Wildfire Coordinating Group, search and rescue
personnel must be trained and pass a pack test of hiking, which covers a distance
of 4.8 km, with a 20-kg pack carriage within 45 minutes (Sharkey and Gaskill,
2009).

Recreational hiking or trampering is a popular wilderness activity (Ela, 2004;
Lobb, 2004). A survey conducted by Hamonko et al. (2011) in 1283 young hikers
(mean BW, 69.3 kg) reported that the weight of hiking pack ranged between 9 and
39 kg (mean, 22.4 kg). Another study in trampers reported that the mean backpack
load was 29% of the BW while waking for more than 5 hours over 11-15 km per
day (Lobb, 2004).

Sports participants in ice hockey, baseball, soccer, football, and golf games are



required to carry equipment to the field with a side-pack on one shoulder. Among
those, hockey bag is comparatively heavier in weight and larger in volume. A
survey among 33 young hockey players showed that the mean weight of the hockey
bag was approximately 19% BW with walking distance of 642 m, and the
maximum load carriage on one shoulder was up to 33% BW (Corrigan and Li,,
2014). Postal workers are also required to carry a mailbag unilaterally on one
shoulder. A study reported that postmen were required to a carry mailbag of 15.9
kg (Bloswick et al., 1999) and another study reported that postmen were trained
by carrying a mailbag of 17.5% BW to simulate the task of performing daily postal
working activities (Fowler et al., 2006).

Children in both developing and developed countries commonly carry
backpacks to and from school during schooldays (Jayaratne et al., 2012; Whittfield
et al.,, 2001). Their backpack loads are comparatively less than the load magnitudes
of the aforementioned cases. Studies have reported that the weight of backpack
carriage by schoolchildren ranged between 1.3 and 20.6 kg or 5.5% and 50% BW
with means between 2.1 and 10.9 kg or 5.5% and 25.3% BW (Barkhordari et al,,
2013; Brzek et al.,, 2017; Dianat et al., 2013; Dockrell et al., 2013; Forjuoh et al,,
2003; Ibrahim, 2012; Lavigne, 2014; Negrini et al., 1999; Olmedo-Buenrostro et al.,
2016; Shamsoddini et al., 2010). A study in college students reported that the
mean weight of backpack carriage was 5.2 kg and approximately 70% of the
students carried a backpack less than 10% BW (Heuscher et al, 2010). The
recommended weight limits of backpack carriage range were between 5% and

20% BW (Dockrell et al., 2013).
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213 Modes of load carriage

Loads can be carried in the hands or arms, or on the head, shoulders, front
or back of the torso or pelvis, or around the lower limbs. The mode of load carriage
depends on the convenience, weight, size, and shape of the load as well as the
duration of load carriage, culture of the terrain, physical characteristics of
individuals, personal preferences, and requirements of the task-driven

occupational activities or military operations (Knapik et al,, 2004; Legg, 1985).

For simple or convenient handling, individuals usually carry loads in their
hands or arms intermittently over a short distance. Although carrying light-weight
shopping bags in one hand or two hands might not have negative impacts on
postural stability during standing and walking (Bampouras and Dewhurst, 2016,),
this way of load carriage can cause fatigue rather quickly and is thus not

recommended for heavy load, continuous, or long-distance travel (Legg, 1985).

Head-loading is commonly employed in rural areas of developing countries.
However, it is not recommended because of the predominant concern of its
association with the pain and discomfort induced in the neck as well as the
sustainability of carrying heavier loads when compared with back-loading (Lloyd
et al, 2010). Both shoulder- and back-loading could carry heavy loads, but
shoulder-loading could not sustain for a longer period when compared with
back-loading (Legg et al., 1992). Moreover, lower limb-loading resulted in higher

energy expenditure when compared with back-loading (Abe et al., 2004).
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Compared with backpack carriage, light-weight waist-pack carriage (4.5 kg)
had no significant load effects on energy expenditure, perceived exertion, and
lower limb postural adjustments at heel strikes (Madras et al.,, 1998), but heavy
waist jacket carriage (>12 kg) could maintain postural sway, while increase in

backpack weight significantly increased postural sway (Rugelj and Sevsek, 2011).

In accordance with the physiological, postural, kinematic, and kinetic
responses, symmetric load carriage was recommended in comparison with
asymmetric load carriage by one hand or a single-strap shoulder bag
(Drzat-Grabiec, 2015; Ikeda et al.,, 2008; McGill, et al., 2013; Ozgul et al, 2012;
Vieira and Ribeiro, 2015). Double pack (frontpack and backpack) was superior to
front or backpack (Kinoshita, 1985; Motmans et al,, 2006), and backpack was
preferred to front pack (Chow et al,, 2011a; Motmans et al.,, 2006). However, the
deficiencies of double pack were the constraints of inhibiting body movement and
limiting body evaporation, hindering front visual view as well as donning and

doffing inconvenience (Legg, 1985; Motmans et al., 2006).

It is hard to determine a unique best way to carry a load. The general rule is
to carry a load symmetrically and keep the center of mass of the load as close as
possible to the center of mass of the body to maintain the load distribution of the
system (body plus load) similar to the neutral upright posture in the no-load
condition (Knapik et al., 2004). Backpack use is a good choice in terms of its overall
and comparatively better physiological, kinematic, and kinetic measures in

responses to both light- and heavy-weight carriage.
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2.2 Backpack carriage

2.2.1 Health and back pain

Studies have investigated the effect of backpack load (between 0% and up
to 35% BW) on health while standing and walking. Excessive backpack load
(beyond certain threshold) significantly increased the amplitude of R wave of
electrocardiogram (Atreya et al., 2010; Stuempfle et al., 2004), heart rate (Devorey
et al, 2007; Hong et al., 2000; Stuempfle et al., 2004), blood pressure (Hong et al,,
2000), metabolic cost in terms of oxygen consumption (Dames and Smith, 2015;
Foissac et al, 2009; Hong et al.,, 2000; Lloyd and Cooke, 2000; Stuempfle et al.,
2004), perceived discomfort or rate of perceived exertion (Devorey et al., 2007;
Kirk and Schneider, 1992; Kistner et al., 2012; Mackie and Legg, 2008; Madras et al.,
1998; Stuempfle et al., 2004), and restrictions of pulmonary function in terms of
forced vital capacity and forced expiratory volume in 1 second, and peak

expiratory flow (Chow et al., 2009; Legg and Cruz, 2004; Stuempfle et al., 2004).

Golriz and Walker (2011) performed a systematic review of the literature
from 1966 to February 2010 on the correlation between backpack use and pain.
Twenty qualified and relevant articles were selected and studied. It was found that
half of them observed significant association (Grimmer and Williams, 2003;
Haselgrove et al., 2008; Korovessis et al., 2004; Moore et al.,, 2007; Navuluri and

Navuluri, 2006; Puckree et al., 2004; Sheir-Neiss et al., 2003; Siambanes et al., 2004;
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Talbott et al., 2009; van Gent et al., 2003), while the other half reported that it was
not statistically valid (Al-Hazzaa, 2006; Chiang et al., 2006; Goodgold et al.,, 2002;
Heuscher et al, 2010; Iyer, 2001; Korovessis et al., 2005; Macias et al., 2005;
Negrini and Carabalona, 2002; Negrini et al., 2004; Onofrio et al., 2012; Wall et al,,
2003; Whittfield et al., 2005; Young et al., 2006). The findings in the relationship

between backpack use and pain were still inconclusive.

A survey on school material carriage ergonomics of 1,670 Grades 6-8
schoolchildren in Sri Lanka significantly showed that there was unhealthy
backpack carriage culture in developing countries that was related to health issues
(Jayaratne et al., 2012). Backpack carriage was an influential factor in perceived
back pain (Adeyemi et al., 2017; Golriz and Walker, 2011; Hamzat et al., 2014;

Mwaka et al., 2014; Pausic¢ et al., 2013; Vidal et al., 2013).

Short note on health and back pain

Excessive backpack load increases heart rate, blood pressure, energy expenditure,
and perceived discomfort or rating of perceived exertion as well as restricts
pulmonary capacity. Although the effects of backpack load on pain on the
shoulders, neck as well as upper, mid, and lower back are inconclusive, there may

be an association between the pain and load carriage during different stages of life.
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222 Posture and balance

In the 1990s, Vacheron et al. (1999) conducted a primary study on the
contour changes of the spine due to carriage load. The study recruited 12 subjects
who were mountain guides. They were attached with markers on their spinal
contour, shin, and the external occipital, and loaded with 22.5-kg pack with center
of gravity at the T9 level. A TV system was used to capture the contour of the spinal
curvature and measured their intervertebral disc mobility during each step. An
increase in mobility in the lumbar region and a decrease in mobility in the thoracic
region were significantly validated. A proper position of the spinal curvature might

be adopted to sustain the 22.5-kg load carriage.

Chansirinukor et al. (2001) investigated 13 students using photography to
measure their cervical and shoulder position angles under load conditions in
different periods and specific percentages of BW. It was found that both time and
load conditions had significant impacts on the shoulder and cervical spine posture,
and increased the forward posture of the head. The recommendation was not to
carry backpack weight of more than 15% of BW to maintain the proper posture of
adolescents. Grimmer et al. (2002) further studied the best center location
(centrally) of the backpack by investigating 250 high-school students with
different backpack load on the spine at the T7, T12, or L3 level. They found that
there were no significant gender, age, or load (up to 10% BW) effects, but there

was a significant effect due to the factor of backpack location at the spinal profile.
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Backpack should be maintained at the hip or waist level to have better control over

the postural stability.

Orloff and Rapp (2004) investigated the effect of load carriage on spinal
curvature. Twenty-five females were instructed to carry backpack of 9 kg and
walked around a 200-m circuit at the speed of 1.79 m/s for 21 minutes. The
displacement of the backpack from the spine was measured by spring-loaded rods.
Displacement data were collected at 60 Hz during fatigue and rested conditions. A
multivariate analysis of variance procedure was applied to analyze the data and it
was found that the cubic spline curvature of the spine increased significantly. This
study validated the negative effect of load carriage on the spine and the
importance of the spinal curvature performance on health-related studies of the

spine.

Hough et al. (2006) studied the influence of load carriage on the spine of
Grade 5 and Grade 11 schoolchildren. While carrying a school bag on the back,
more Grade 11 students’ postures showed significant deviation from normal in the
posterior area and more Grade 5 students’ postures showed significant deviation
from normal in the lateral area. Carriage of school bag was validated as an external
effect on the developing spine. Smith et al. (2006) studied on the effects of
backpack carriage during walking on the pelvic rotation, obliquity, and tilt in 30
female college students, with carriage weight under 15% of BW. A repeated
measure of analysis of variance was performed and validated that there was a

significant increase in pelvic tilt, but no significant effect on the pelvic obliquity or
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rotation. They found that carriage of backpack could have a permanent effect on

the posture deviations in female college students.

Mackie and Legg (2007) recruited 10 students from the Northern, Western,
Southern, and central areas of Auckland city in New Zealand and measured the
time intervals and number of events of carrying school bags over a period of 24
hours. Mean carrying time and number of events of carrying school bag were found
to be 119 minutes and 15 events, respectively. These data provided additional
information for further studies on the effects of school bag carriage for students
over simulated school-day activities. Studies of backpack carriage have focused on
the effects of physical performance of the spine. Chow et al. (2007) studied the
direct effects on the spinal curvature of 15 schoolchildren carrying (10, 15, and
20% of BWs) and not carrying school bags during normal upright stance. Carrying
a school bag significantly reduced the upper thoracic kyphosis and lumbar lordosis
and caused an immediate effect on the changes of spinal curvature and

repositioning consistency.

The effect of axial load on the sagittal plane spine profile was studied by
Meakin et al. (2008) to validate the variation in spine behaviour under different
lifting loads. A total of 24 subjects were axial loaded with 0.8 and 16 kg across the
shoulder in the upright position. A magnetic resonance imaging scanner was used
to capture the images of the lower thoracic and lumbar spine. For those with
smaller spinal curvature, the load made the curvature straightened, whereas for

those with larger spinal curvature, the load increased the spinal curvature. Mackie
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and Legg (2008) examined the simulated school-day schedule of 16 boys and
found that there was no significant effect on the posture of the boys if the load was
limited to 10% of BW, and school bags weighing more than 10% of BW was not

recommended.

Chow at al. (2010, 2011a) and Atreya et al. (2010) investigated the effects
of loading, design, and carrying durations of the backpacks on the spine. Their
respective findings were that spinal compression was related to carrying duration,
spinal curvature was associated with spinal load conditions, and backpack design

had potential effects on load carriage.

Chow et al. (2011b) evaluated the carry-over effect of backpack carriage. In
their study, 13 healthy adults with backpack were allowed to walk on a treadmill
for 30 minutes. They found that backpack carriage of 10% BW significantly
reduced the posterior pelvic tilt and lumbar lordosis, and increased trunk forward
lean, cervical lordosis, trunk kyphosis, reposition ability, and restoration of trunk
posture. Even after the backpack was removed, the persistent changes in both
repositioning ability and spinal curvature revealed an increased risk of spinal

injury.

Rodriguez-Soto et al. (2013) investigated the effect of load carriage in
lumbar spine kinematic by studying the kinematic behaviours of 10 active-duty
marines. Sagittal T2 magnetic resonance images of the lumbar spine in different

conditions (without load, immediate and 45 minutes after load, and walking with
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load) were evaluated. Inferior and superior lumbar spine levels exhibited different

kinematic behaviours, and validated the lumbar flexion and postural to maintain.

Strube et al. (2017) evaluated the effect of 16.0- and 20.5-kg loads on the
postural sway, trunk inclination in the sagittal plane as well as pelvis movement in
the frontal and sagittal planes in 20 army cadets (mean weight: 78.8 kg), and
reported that both loading conditions significantly increased mean sway velocity

but did not significantly change the trunk and pelvis kinematics.

By and large, increasing backpack load increased head and trunk forward
lean (Brackley et al., 2009; Chansirinukor et al., 2001; Goh et al., 1998; Devorey et
al., 2007; Chow et al.,, 2007; Grimmer et al., 2002; Hande et al., 2012; Kistner et al,,
2012; Pascoe et al., 1997) and craniovertebral, head on neck, and head and neck on
trunk angles (Brackley et al., 2009; Chansirinukor et al., 2001; Chow et al., 2007;
Kistner et al., 2012; Ramprasad et al., 2010) as well as decreased lumbar lordosis
and thoracic kyphosis (Chow et al, 2007). Moreover, increasing backpack load
increased reposition error (Chow et al,, 2007, 2010); sway area; path length of
center of pressure (Heller et al., 2009; Pau and Pau, 2010); displacements and
velocities of both mediolateral and anterior-posterior center of pressure
(Zultowski et al., 2008); and forward displacement at hip, thigh, knee, and ankle
(Grimmer et al., 2002). Janakiraman et al. (2017) conducted a systematic review
on the effects of backpack load on postural deviation among schoolchildren. They
screened 894 articles published between February 2014 and June 2014, identified

293 related papers for full-text evaluation, including 12 high-quality papers in the
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systematic review, and concluded that backpack carriage of 10-15% BW is
recommended for schoolchildren because carrying a backpack load exceeding 15%
induced significant postural changes that might negatively affect the healthy spine.
Vidal et al. (2013) investigated the effects of a 6-month postural education
program on school backpack habits related to low back pain in 137 children aged
10.7 + 0.67 years. It was found that children could learn the healthy habit of

carrying a backpack, which might prevent future lower back pain.

Short note on posture and balance

Carrying a loaded backpack increases forward lean of the head, trunk, and lower
limbs, as well as head on neck lordosis, postural sway, and reposition error but

decreases craniovertebral angle, thoracic kyphosis, and lumbar lordosis.

2.2.3 Gait pattern

Pascoe et al (1997) studied the effect of backpack carriage on gait
kinematics. Ten youths aged between 11 and 13 years were instructed to perform
one stride. The dynamic conditions were captured by the TV system. There was a
significant effect of load carriage on the gait pattern. Subjects promoted forward
lean of trunk and head when performing the stride. Chow et al. (2005a) further
investigated the load carriage effects on the movements of the pelvic, hips, knees,
and ankles. They performed a repeated measures of analysis of variance procedure

and validated that increase in backpack load would decrease the walking speed;
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decrease pelvic motion; increase hip motion; and increase the demand of loading
on hips, knees, and ankles. Further study on the effects of load carriage on gait
pattern indicated that carry loads should not be exceeding 15% BW (Devroey et al.,

2007).

Pau and Pau (2010) further revealed that there was a significant relation
between sway area during walking and load conditions in 447 6-10-year-old
schoolchildren. The sway parameters including sway area and different
displacement in the anterior-posterior and medial-lateral directions were
recorded. There was a significant effect of load carriage on the risk of unintentional
falls and balance impairment; moreover, there was a linear relationship between
backpack load and sway area. Numerous studies have investigated the effect of
backpack load on spatial-temporal parameters of walking. Some studies have
observed no significant changes with backpack loaded between 5% and 30% BW
(Dames and Smith, 2015, Devorey et al.,, 2007; Goh et al., 1998; Majumdar et al.,
2013), while others reported that increasing the backpack load increased
double-support duration and decreased cadence, walking speed, and stride length
(Birrell et al., 2009; Chow et al., 2005a; LaFiandra et al., 2003; Majumdar et al,,
2010). In general, increasing backpack load increased hip and knee excursion
(Birrell et al., 2009; Lafiandra et al,, 2003; Liew et al,, 2015), and trunk flexion
(Devorey et al., 2007; Goh et al., 1998), adduction/abduction, and rotation of the
hip and pelvis tilt (Birrell et al., 2009) as well as decreased range of motion of

pelvic rotation and pelvic anteversion (Devorey et al., 2007). Moreover, increasing
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load increased peak hip adduction and range of motion of the hip in the sagittal
plane as well as decreased range of motion of the pelvis in the coronal and
transverse planes (Chow et al, 2005a; Lafiandra et al.,, 2003; Majumdar et al,,
2010); however, no significant effect on the ankle joint kinematics was observed

(Chow et al.,, 2005a).

Short note on gait pattern

Carrying a loaded backpack increases double-support phase and may reduce swing
phase, cadence, walking, and stride length; increases trunk flexion, hip range of
motion in the sagittal plane, and reduces pelvis range of motion in the coronal and
transverse planes; increases peak knee flexion during the loading response phase

and may have no effect on ankle kinematics.

2.2.4 Muscle activity

Standing

Devorey et al. (2007) investigated neck and shoulder, abdominal and back,
and thigh muscle activities (in terms of mean linear envelop EMG amplitude) in 20
young adults (12 males and 8 females, mean age of 23.9 years, and body mass of
69.4 kg) with no load and with a backpack loaded at various weights (5%, 10%,
and 15% BW). The effect of backpack load was significant on the activities of
abdominal and back muscles but not significant on sternocleidomastoid, trapezius,

rectus femoris, and biceps femoris. Increasing backpack load was found to increase
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rectus abdominis and external oblique, and decrease erector spinae activities. The
significance was noted with backpack loads of 15%, 15%, and 10% BW,

respectively.

Motmans et al. (2006) evaluated abdominal and back-muscle activities (in
terms of mean EMG amplitude) in 19 college students (9 males and 10 females,
mean age of 20.1 years, and body mass of 70.5 kg) between no load and backpack
carriage. A backpack loaded at 15% BW significantly increased rectus abdominis

and decreased erector spinae activities.

Al-Khabbaz et al. (2008) studied the effect of various loading conditions (no
load and backpack load at 10%, 15%, and 29% BW) on abdominal, back, and thigh
muscle activities (in terms of mean EMG amplitude) in 19 university students
(mean age of 21 years and body mass of 59.7 kg). The effect of backpack load was
significant on the activity of rectus abdominis and not significant on erector spinae,

vastus medialis, and biceps femoris.

Gait

Harman et al. (2000) evaluated neck and shoulder, trunk, thigh, and leg
muscle activities (in terms of mean root mean square EMG amplitude) in 16 male
soldiers (mean age of 30.3 years and body mass of 76.8 kg) along a 15-m walkway
with a backpack loaded at various weights (6, 20, 33, 47 kg) with a greater range
(on average of 8%, 26%, 43%, and 61% BW). The effect of backpack load on

trapezius, erector spinae, quadriceps, and gastrocnemius was significant but not
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for the hamstring and tibialis anterior activities. Increasing backpack load
increased trapezius, quadriceps, and gastrocnemius activities. The significance
occurred at 20, 33, and 33 kg, respectively. For erector spinae, increasing backpack
load from 6 to 20 kg decreased the activity and from 20 to 33 kg and 47 kg
increased the activity. The significance was between 20 and 47 kg backpack load.
Hamstring and tibialis anterior activities increased at 20, 33, and 47 kg when

compared with 6-kg backpack load.

Devorey et al. (2007) investigated neck and shoulder, trunk, and thigh
muscle activities (in terms of mean linear envelop EMG amplitude) in 20 young
adults (12 males and 8 females, mean age of 23.9 years, and body mass of 69.4 kg)
for a 5-minute walk with no load and with a backpack loaded at various weights
(5%, 10%, and 15% BW). The effect of backpack load was significant on the
activities of abdominal and back muscles but not significant on
sternocleidomastoid, trapezius, rectus femoris, and biceps femoris. Increasing
backpack load increased rectus abdominis and external oblique, and decreased
erector spinae activities. The significant association occurred at a backpack load of

10% and higher when compared with the no-load condition.

Kim et al. (2008) investigated neck and shoulder muscle activities (in terms
of mean EMG amplitude) in 15 children (10 boys and 5 girls, mean age of 10.3
years, and body mass of 33.6 kg) with no load and backpack carriage during a
5-minute walk. Backpack load of 15% BW significantly increased the activities of

upper trapezius, sternocleidomastoid, and midcervical paraspinals.
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Hong et al. (2008) investigated neck, shoulder, and abdominal muscle
activities (in terms of integrated EMG amplitude) in 15 male children (age of 6
years) for a 20-minute walk with no load and a backpack loaded at 10%, 15%, and
20% BW. Activities of lower and upper trapezius significantly increased at the
thresholds of 15% and 20% BW, respectively. No significant increase in muscle

activity of rectus abdominis up to 20% BW was observed.

Short note on muscle activity

Carrying a light- to medium-weight backpack increases abdominal muscle
activities and reduces the back-muscle activities, but has no effects on neck,
shoulder, and lower limb muscle activities. Carrying a heavier weight backpack
further increases abdominal muscle activities and reverses the reduction to
increment trend of back-muscle activities as well as increases the neck, shoulder,

posterior thigh, and anterior leg muscle activities.

2.25  Joint loading

Chow et al. (2007) and Harman et al. (2000) studied the effect of backpack
load on lower limb joint kinetics. Increasing load increased the ankle, knee, and hip
joint loads and moments. Goh et al. (1998) investigated the effect of backpack load
on peak lumbosacral joint forces while walking and reported that when compared
with the no-load condition, 15% and 30% BW backpack increased joint

compression force by 27% and 64% as well as increased resultant shear force by
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25% and 61% BW, respectively. There is a lack of studies on joint loads, especially
in the spinal regions compared with those studies in subjective, physiological, and

kinematic responses.

Short note on joint load

Carrying a loaded backpack increases lower limb joint loads linearly and spinal
load disproportionally. The rate of change of spinal load (per unit increase in

backpack load) increases from light to medium backpack load.

2.3 Asymmetric load carriage for patients with scoliosis

2.3.1 Scoliosis

Scoliosis is a three-dimensional deformity of the spine (Weinstein et al,,
2008). Whether the scoliosis is congenital, neuromuscular, or idiopathic, it
progresses most rapidly during adolescent growth (Little et al., 2000). According
to a survey by the Student Health Service of the Department of Health in Hong
Kong, the prevalence of adolescent idiopathic scoliosis (AIS) in primary
schoolchildren was 2.7%, which is the most common structural deformity in
schoolchildren (Luk, 1997). The spinal deformity was demonstrated to be
associated with poorer pulmonary function (Boyer at al., 1996; Muirhead and

Conner, 1985) and higher prevalence of back pain (Weinstein et al., 2003), as well
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as motor control impairment (Nault et al., 2002; Byl et al.,, 1997; Sahlstrand et al,,

1978) and psychosocial problem (Weinstein et al., 2003; Mayo et al., 1994).

AIS is a complex spine deformity in three-dimensional space involving
lateral deviations in the frontal plane, abnormal curve profile in the sagittal plane,
as well as the torsion and rotation in the transverse plane (Villemure et al., 2004).
The construction of the spine in continuous curvatures in the sagittal plane is
crucial for maintaining an erect, totally vertical, bipedal position (Roussouly and
Pinheiro-Franco, 2011). A balance posture is obtained when the spine sacropelvis
is aligned, so that horizontal gaze is maintained and the energy expenditure is
minimized (Mac-Thiong et al, 2011). The sagittal global balance is vital and
supported by previous studies, which validated its significant relationship with
health-related quality of life in spinal deformity (Mac-Thiong et al. 2009; Glassman
et al,, 2005). Studies have validated that thoracic kyphosis, lumbar lordosis, as well
as spinal posture in terms of pelvic tilt have significant effects on vertebral loading

(Bruno etal., 2012; Bae and Mun, 2010).

The unknown aetiology and complex mechanism of the scoliosis spine
growth are the challenges of the prognostic and preventive treatments of scoliosis
deformities (Stokes, 2007). There is no generally validated scientific theory
explaining the causes of AIS (Stokes et al, 2006). Studies have revealed that
scoliosis is the result of asymmetric growth of the spine due to different growth
rates of the posterior and anterior components of the spine (Pal, 1991; Sevastir et

al., 1984; Roaf, 1966), and asymmetric loading on the spine that, by ‘Hueter-
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Volkmann Law’, causes different bone growth rates within each vertebra (Stokes,
1994; Arkin and Katz, 1956), and in turn results in increase in asymmetry loading.
The ‘vicious cycle’ continues until it is halted naturally or rectified by external
means (Lafortune et al., 2007; Stokes, 2007; Stokes et al., 2006; Villemure et al,,
2002, 2004). Different modulation models were developed to simulate the AIS
growth (Fok et al., 2010; Stokes, 2007; Villemure et al., 2004). Validations of these
growth modulation models have depicted the pathway towards the advancement
study of the scoliosis, kyphosis, or even natural spine growth patterns in

adolescents under different load carriages during their school life.

2.3.2  Asymmetric load carriage

Conventionally, it is believed that abnormal external loading is one of the
possible factors that may exacerbate spinal deformity. Thus, children are usually
recommended to carry the load symmetrically over the spine to minimize lateral
trunk shifting (Negrini and Negrini, 2007; Pascoe et al., 1997) and asymmetric
muscle activation observed during asymmetric carriage (Motmans et al., 2006).
The shifted trunk and unilateral muscle contraction were thought to have imposed
irregular biomechanical and physiological stresses on the spine, which might affect
the growth of their spine. However, as asymmetric and side-shift exercises have
been demonstrated to be effective physiotherapy exercise for scoliosis
management (Den Boer et al, 1999; Durmala et al., 2003; Fusco et al., 2011;

Mamyama et al., 2001; Maruyama et al., 2003; Mooney and Brigham, 2003; Mooney
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et al., 2000) and the growth of the spine was found to be associated with the
applied stress (Stokes, 2002; Stokes et al., 2002), a study on the application of
properly controlled asymmetric stress to the spine was proposed for postural
correction and muscle conditioning in AIS. A small degree of improvement for
trunk alignment might contribute to a significant biomechanical effect on a
scoliotic curve, particularly for children during the rapid peripubertal growth
spurt. The research hypothesis of this proposed study is that an asymmetric load
carriage may serve as a physical intervention for the prevention of curve
progression in scoliosis if the load magnitude and placement are properly

controlled.

2.4 Multi-objective analysis

241 Decision analysis

A decision analysis that illustrates more than one requirement, criterion, or
goal is referred to as a multi-criteria decision analysis (MCDA). A goal in the
context of programming formulation refers to the criterion, target, or desire level
to be achieved. For a specific goal, there are three types of target level to be
achieved, namely, (I) at most the target level (less is better); (II) at least the target
level (more is better); and (III) exactly the target level (Jones and Tamiz, 2010). A

deviational variable is introduced to identify the difference between a given
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solution and the target level on a specific criterion. The negative and positive
deviational variables represent the difference in the achieved values less than and
more than the target level, respectively. The mechanism of GP is to minimize the
undesired deviational variables. For Type IIl goal, both negative and positive
deviational variables are undesirable. For Type I and Type II goals, the positive and
negative deviational variables are undesirable, respectively. To achieve the optimal
solution with respect to a specific criterion, the undesirable deviational variable
should be minimized. The classical optimization process attempts to find an
optimal solution with respect to a unique objection function. The GP model can be
applied to determine an optimal solution with respect to several target objectives.
The mechanism of achieving multi-objectives can be classified into two main
methods, namely, lexicographic GP with pre-emptive ordering of priority levels
and weighted GP without pre-emptive ordering of the objective functions but

instead with different weights on the target levels (Jones and Tamiz, 2010).

Bottoms and Barlett (1975) viewed GP as an extension of classical linear
programming (CLP). The foundation of mathematical formulation of CLP was
established by Dantzig (1949). However, CLP allows only a single rigid criterion
for determining optimal strategy. Charnes et al. (1955) introduced the conceptual
theory of GP. The mathematical formulation of GP was explicitly defined by
Charnes and Cooper (1961). The modification of goal setting formulation and
adaptation of the occurrence of multiple conflicting goals were implemented as a

GP technique to solve a wide range of problems (Aouni and Kettani, 2001).
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Ignizio (1978a) generalized the GP formulations for multi-objective analysis
problems and classified them as linear GP (Lee and Lerro, 1974), nonlinear GP
(Ignizio, 1978b), linear integer GP (Taylor and Keown, 1978), and linear zero-one
GP (Keown and Taylor, 1978). Further generalizations of GP had been done by
later studies, namely, fuzzy GP (Narasimhan, 1980), GP with intervals (Romero,
1984), polynomial GP (Deckro and Hebert, 1988), GP with satisfaction functions
(Martel and Aouni, 1990), convex GP (Carrizosa and Fliege, 2002), multiresponse
GP (Kazemzadeh, 2008), mixed integer GP (Delice and Gungor, 2011), and Taguchi

GP (Khorramshahgol, 2014; Kamran et al. 2016).

242 Health technology assessment

MCDA is a practice to systematically evaluate a set of possible courses of
action, or most probably conflicting alternatives (Durbach and Stewart, 2012). The
application of MCDA for health technology assessment can be broadly categorized
into three aspects, namely, value measurement models, outranking models, and
goal models (Thokala and Duenus, 2012). The implementations of MCDA have
spread into different aspects of health technology including allocation of
healthcare resources (Wilson and Gibberd, 1990; Earnshaw and Dennett, 2003;
Flessa, 2003; Oddoye, 2006; Oddoye et al., 2009; Lee and Kwak, 2011), process
reengineering for healthcare systems (Kwak and Lee, 2002; Epstein et al., 2007;
Liberatore and Nydick, 2008), optimal arrangement in surgical operations (Arenas

et al., 2002), and prioritization of healthcare projects (Morton, 2016). Tamiz et al.
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(1995) identified GP as a branch of MCDA. Specific GP applications to healthcare
setting are comparatively sparse. These were health resource allocation (Tingley
and Liebman, 1984), time allocation in hospital pharmacy (Ghandforoush, 1993),
information resource planning for a healthcare system (Lee and Kwak, 1999), and

healthcare planning in a medical assessment unit (Oddoye et al.,, 2009).

2.5 Summary

The possible risks load carriage poses on the human body are still not
thoroughly and clearly understood. Although backpack has its merits and
comparatively better human responses in terms of subjective, physiological,
kinematic, and kinetic measures to both light- and heavy-weight carriage, the
validity of symmetric backpack carriage employment to individuals with
asymmetric body alignment, such as patients with scoliosis, remains unclear. Most
previous studies have evaluated various human responses to both symmetric and
asymmetric load carriage only with respect to a single objective approach and have
not considered simultaneous changes in the human responses under consideration.
Multi-objective analysis has been applied to the evaluation of health technology
assessment. However, there is a lack of such studies in physiological, kinematic,
and kinetic measures in load carriage activities, especially concerning the lumbar

joint loading while walking.
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CHAPTER 3*

Multi-objective analysis for assessing simultaneous
changes in regional spinal curvatures under backpack

carriage in young male adults

* This chapter has been published by the author of this thesis.

Li, S. S. W, & Chow, D. H. K. (2016). Multi-objective analysis for assessing
simultaneous changes in regional spinal curvatures under backpack carriage in

young adults. Ergonomics, 59(11), 1494-1504.

Change in sagittal spinal curvature from the neutral erect stance is an important
indication of the correctness and heaviness of backpack use. As current
suggestions, with respect to spinal profile, of backpack load thresholds were based
on significant change in individual curvature in certain spinal region only, this
study evaluated the most critical backpack load by investigating simultaneous
changes in spinal curvatures along the whole spine. A motion analysis system was
used to measure the curvature changes in lumbar, lower thoracic, upper thoracic,
and cervical regions with a backpack loaded up to 20% of body weight. A
multi-objective goal programming approach was developed for determining the
global critical load of maximum curvature change of the whole spine in accordance

with the maximum curvature changes of the four spinal regions.
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3.1 Background

Backpack carriage covers about 90% and 80% of the schoolchildren
population in developed (Whittfield et al.,, 2001) and developing (Jayaratne et al.,
2012) countries, respectively. However, 60% of schoolchildren, 95% of parents,
and 73% of teachers considered it a problem (Negrini et al.,, 2004). Schoolchildren
claimed that their backpacks caused back pain (46%), induced fatigue (66%), and
were too heavy (79%) (Negrini and Carabalona, 2002). Backpack carriage is also
common among adults and college students for carrying personal belongings,
computers, and books to and from offices or colleges. The heaviness of backpack
carriage is a concern on the spinal health of adults, adolescents, and schoolchildren
and has been investigated by previous studies (Korovessis et al, 2005;
Leboeuf-Yde and Kyvik, 1998; Negrini and Carabalona, 2002; Sheir-Neiss et al,,
2003; Troussier et al., 1994).

Several studies have validated the negative effects of carrying a heavy
backpack on gait performance (Birrell and Haslam, 2009; Chow et al. 2005a;
LaFiandra et al., 2003; Smith et al., 2006), rate of muscle fatigue (Hong et al., 2008;
Motmans et al., 2006; Piscione and Gamet, 2006), balance and posture (Brackley et
al., 2009; Chow et al., 2007; Heller et al., 2009; Ramprasad et al., 2010; Zultowski
and Aruin, 2008), energy expenditure (Foissac et al., 2009; Hong et al., 2000; Lloyd
and Cooke, 2000; Stuempfle et al., 2004), pulmonary capacity (Chow et al., 2009;
Legg and Cruz, 2004), and shoulder contact pressure (Macias et al., 2005). Parents

are most concerned with schoolbag carriage among all the risk factors related to
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back pain in schoolchildren (Lucas, 2011). The association between excessive
backpack load carriage and back pain is unclear. Numerous studies found that
there was no significant relationship (Minghelli et al,, 2014; Onofrio et al., 2012;
Trevelyan and Legg, 2011; Yen et al,, 2012) while others concluded that it was
statistically valid (Moore et al, 2007; Sheir-Neiss et al., 2003). A recent
self-reported study in college students concluded that increasing reported usual
backpack weight was associated with increased yearly prevalence of low back pain
(Heuscher et al,, 2010). However, increase in odd ratio of annual low back pain
was not significant between backpack carriage at lower weight and that exceeding
10% of body weight (BW) (Heuscher et al,, 2010). The findings between college
students and schoolchildren were inconsistent.

Nonetheless, backpack carriage in upright stance induces simultaneous
decreases in repositioning ability of the lower thoracic and lumbar spine, changes
in sagittal spinal curvatures (Chow et al,, 2007, 2011b), and thus was considered
as an external perturbation that may have a negative impact on the developing
spine (Hough et al,, 2006). Several studies also reported the vital impact of sagittal
global balance and its significant effect on the development of human spine
(Glassman et al,, 2005; Mac-Thiong et al., 2009, 2011). The consistent changes in
repositioning ability and spinal curvature exhibited a higher risk of spinal injury
even after the removal of backpack (Chow et al., 2011b). Back and spine health
may therefore be adversely affected by an excessively loaded backpack than was

previously thought.
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Spinal curvature change is a key measure of changes in posture for load
carriage studies (Orloff and Rapp, 2004). Fundamental approaches for evaluating
the critical backpack load with respect to spinal curvature were based on
statistically significant curvature change in the spinal region under consideration
and in accordance with the hypothesis of a monotonic trend beyond the threshold
of critical load. The purpose of this part of the study was to apply a multi-objective
approach by considering simultaneously the changes in regional curvatures to
identify the global critical backpack load subject to the curvature changes along the
whole spine.

Goal programming (GP) model is a multi-objective approach to determine the
best solution with respect to multiple goals. In this part of the study, the multiple
objectives investigated the local critical spinal curvatures in order to ascertain a
global critical loading event that might position the four local spinal curvatures
with least deviations from their respective critical curvatures. The rationale of
multi-objective GP could be classified into two main approaches: Lexicographic GP
(LGP) (Ghandforoush, 1993) and Weighted GP (WGP) (Ghufran et al., 2015; Tamiz
et al.,, 1998). In this part of the study, both approaches were adopted.

The back health of college students has recently been a concern, but there was
a lack of studies in this area (Kennedy et al., 2008). This part of the study aimed at
investigating the most critical backpack load for college students by evaluating
simultaneously the spinal curvature changes along the whole spine and

hypothesized that appropriate regression and GP models could be established to
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predict the critical regional and global spinal curvature changes between no-load

and while carrying a backpack loaded up to 20% of BW.

3.2 Methods

321 Participants

A convenience sample of 10 healthy young adults was recruited from a local
college (Table 3.1). The sample size was a priori estimation and validated by the
post-test observation of statistical power of 0.8 at level of significance set at
p=0.05. Participants were screened and those with known history of any spinal
deformity of low back pain were excluded. Ethical approval from the Human
Research Ethics Committee and written informed consent from all participants

were obtained beforehand.

Table 3.1  Demographics of the ten healthy male participants.

. Height | Weight Age
Participant (m) (kg) (year)

1 1.76 69.3 29

2 1.77 72.6 22

3 1.67 58.1 23

4 1.81 66.7 23

5 1.80 70.8 20

6 1.71 61.2 20

7 1.67 65.3 23

8 1.71 56.5 22

9 1.71 70.1 20

10 1.78 70.2 22
Mean 1.74 66.1 22.4

SD 0.05 5.7 2.5
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322 Experimental design

A two-factor randomized repeated measure design was adopted in this part of
the study. The dependent variables were the four local spinal curvatures of lumbar
lordosis (LBL), lower thoracic kyphosis (LTK), upper thoracic kyphosis (UTK), and
head on neck lordosis (HNL). The independent variables were the loading
condition (0% BW for no-load condition and 5%, 10%, 15%, and 20% BW for a
loaded backpack carriage) and trial order (1st, 2nd, and 3rd). The backpack (30 cm
X 14 cm X 38 cm) used in this part of the study was an internally reconstructed
standard dual strap schoolbag and made of light weight synthetic material (Figure
3.1). Its back was cut and supported by an internal frame with two metal bars and
a detachable load-bearing container (Chow et al., 2007; Vacheron et al. 1999). The
sensors attached to the spine could move freely without any constraints and the

level of center of gravity of the backpack could be adjusted by the shoulder straps

and a detachable horizontal belt.

@

Figure 3.1 An internally reconstructed standard dual strap schoolbag. (a) The
middle of its back was cut. (b) An internal frame was embedded and the level of
center of gravity of the backpack was identified by a horizontal belt.
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The effects of foot posture on spine biomechanics have been reported in a
previous study (Hu et al., 2014). The placement of the feet during quiet upright
stance was standardized for balance testing (Mcllroy and Maki, 1997) and adopted
in this part of the study to reduce the possible within-subject spinal profile changes
due to uncontrolled postural sway during repeated measures in various loading
conditions. The participants were instructed to maintain a standardized and
relaxed barefoot erect stance with an angle of 30° between the long axes of the feet,
heels 10 cm apart and gaze fixed on a target (reference square of 14 cm X 15 cm)
placed 2 m in front of and adjusted at their eye level, and arms hanging freely at
both sides (Chow et al., 2007). Then, they were instructed to symmetrically carry
the backpack loaded at 5, 10, 15 and 20% BW (Hong and Cheung, 2003). The
center of gravity of the backpack was adjusted at the T12 spinal level by shortening
or lengthening the shoulder straps (Chow et al., 2007; Grimmer et al., 2002;
Vacheron et al,, 1999). The sequence of performing the experimental trials was
randomized. Three trials for each no-load and loaded conditions were acquired for
3 s in the midway during a 45-s quiet erect stance simulating the common waiting
time for a transportation vehicle or elevator (Zultowski and Aruin, 2008).
Participants rested for 3 min between consecutive trials to reduce any confounding

effects of fatigue.

323 Data collection

This part of the study used the inertial measurement unit (IMU) developed by

Noraxon (MyoMOTION, Noraxon, USA) to overcome the shortcoming of marker
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occlusion problem of motion capturing by traditional video-based motion analysis
system. A triaxial gyroscope and a North magnetic sensor were installed in each
IMU. The motion-related signals of 3-dimensional anatomical angles between the
IMUs attached to identified body landmarks were transmitted to and received by
data acquisition software (MR3, Noraxon, USA). The sampling frequency was 100
Hz. IMU signals were processed by a built-in Kalman filter and integrated to obtain
their orientation angles. When comparing with gold standard (Vicon TV system),
the accuracy of IMU in measuring body segment orientation angles was 1.27+1.3°
(Balasubramanian, 2013). Five IMUs were affixed to participant’s skin surface
proximal to S1, T12, T7, and C7 spinous processes as well as external occipital (EO)
(Figure 3.2). The 4 local spinal curvatures were recorded for 3 s for each
experimental trial. The curvatures projected on the sagittal plane were considered
the principle motion of the spine while carrying a backpack symmetrically and

assumed the curvature changes in the transverse and coronal planes were minimal.

EO
HNL c7
UTK

17
LTK

T12
LBL

S1

Figure 3.2 Measurements of local spinal curvatures. Five inertial measurement
units (IMUs) were affixed to the spine for observing the head on neck lordosis
(HNL), upper thoracic kyphosis (UTK), lower thoracic kyphosis (LTK), and lumbar
lordosis (LBL) between adjacent IMUs.
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324 Data analysis

A two-way repeated measure ANOVA design was adopted in this part of the
study with backpack load (0%, 5%, 10%, 15%, and 20%) and trial order (1st, 2nd,
and 3rd) as within-subject factors to analyze the LBL, LTK, UTK, and HNL (SPSS
version 20.0, IBM Inc., Chicago, IL, USA). Thresholds of statistical power (1-f) and
significance (a) were set at 0.8 and 0.05, respectively. Post hoc pairwise
comparisons were performed based on least significant difference (LSD) criterion.

Scatter plots of overall means of four local spinal curvatures against the
loading condition were obtained and fitted with various regression lines. An
appropriate continuous regression model for the LBL, UTK, LTK, and HNL was
identified. The four local spinal curvatures (LSC) were formulated as continuous

functions of backpack load (L, % of BW) as below:

LSCi = fi(L), where i = 1(HNL), 2(UTK), 3(LTK), 4(LBL).

A goal in a programming approach refers to the desired, target, or criterion
level to be achieved. For an identified goal, there are three types of target levels:
(Type ], less is better, “< target level”), (Type II, more is better, “> target level”),
and (Type 111, exactly same, “= target level”) (Jones and Tamiz, 2010). A deviational
variable is proposed to measure the difference between the target level and a given
solution on a specific requirement. Positive or negative deviational variables depict
the difference in the achieved values above or below the target level, respectively.

The rationale of goal programming is to minimize the undesired deviational
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variables in order to obtain the optimal solution with respect to a specific
requirement. For Type Il and Type I goals, the negative and positive deviational
variables are respectively undesirable. For Type III goal, both positive and negative
deviational variables are unfavorable.

Lexicographic goal programming (LGP) examined the priority levels in
pre-emptive ordering. As reported in previous studies that the prevalence of back
pain bore different significance in different spinal regions (neck: 30%, mid-back:
13%, and low back: 43%) (Leboeuf-Yde et al,, 2012), the priority of target spinal
levels was ordered as (1) lumbar lordosis, (2) head on neck lordosis and (3) lower
and upper thoracic kyphosis. The solutions of the global critical backpack loads

were figured out by the sequential optimization approach as stated below:

LGP
Minimize [D; or D]}, [D or DF]% [(D; or D})+ (D3 or D})]3
subject to f,(L) + D — D} = TC;
5<L<20
D; or Df = 0S;
(for the 2nd and 3rd GPs only, OS; was the optimal solution of the 1st GP)
D7 or Df = 0S,
(for the 3rd GP only, OS, was the optimal solution of the 2nd GP)

D ,D} =0
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Where

L represented the weight of backpack in % BW

D; represented the negative deviational variable for spinal region i
D} represented the positive deviational variable for spinal region i
MC; represented the maximum curvature level for spinal region i,

TC; represented the target curvature level for spinal region i

Weighted goal programming (WGP), on the other hand, considered the
different weights on the target levels. WGP weighted the undesirable deviations
from target spinal curvatures by three different methods: Chebyshev variant
(CVGP), percentage normalization (PNGP), and zero-one normalization (ZOGP).
CVGP and PNGP adopted target curvatures as weights whereas ZOGP used
maximum curvatures as weights. CVGP required an optimal solution with
minimum value across all weighted undesirable deviations while PNGP only
demanded the minimum of the total weighted undesirable deviations. The
solutions of the global critical backpack loads were processed by the optimization

approaches stated below:
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CVGP

Minimize k
subject to fi(L) + D — Df =TC;
(D or D) _
TC;
5<L<20
D ,Df =0
PNGP
i i(n; or Df)
mmimize . TCI
i=1
subject to f,(L) + D — D} = TC;
55L<20
Dy ,Df =0
ZOPG
i i(n; or DY)
mnimize . MCI
i=1
subject to f,(L) + D — D} = TC;
55L<20
D; ,Df =0

The LGP, CVGP, PNGP, and ZOGP optimization problems were solved by

implementing LINGO 10.0 software (Lindo Systems Inc., Chicago, IL, USA).
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3.3 Results

3.3.1 Local spinal curvatures
The local spinal curvatures of the ten subjects at each backpack load and trial

order were recorded (Appendix 3.1) and the results of statistical analyses of the
load, trial and their interaction effects on the spinal curvatures were determined
(Table 3.2). There were no significant trial as well as load and trial interaction
effects on HNL (p=0.533 and 0.557, respectively), UTK (p=0.883 and 0.666,
respectively), LTK (p=0.132 and 0.106, respectively), and LBL (p=0.329 and 0.703,
respectively). Moreover, HNL did not significantly increase among no-load (0% BW)
and backpack loaded conditions (p=0.296). However, significant changes were
observed in the UTK (p=0.001, power=0.981), LTK (p=0.018, power=0.801), and
LBL (p=0.017, power=0.808). Post hoc pairwise comparisons showed significant
decreases in LBL and UTK under all backpack loaded conditions, and a significant
increase in LTK but at 15% BW only, as compared with the no load condition. In
addition, among the loaded conditions of UTK was further significantly decreased

with backpack loaded from 5% to 15% BW.
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Table 3.2  Statistical analyses of the spinal curvatures: head on neck lordosis
(HNL), upper thoracic kyphosis (UTK), lower thoracic kyphosis (LTK), and lumbar
lordosis (LBL) at each loading condition from the pooled data of all participants

p-values of
main and interaction
effects (2-way repeated
Pooled measure ANOVA) Loading condition (% BW)
Mean Spinal
Power of the test with
Curvature
significant effect
(degree)
Load
Trial and | Load 0 5 10 15 20
Trial
HNL 0.533 | 0.557 |0.296| 32.1 33.6 33.8 33.7 32.7
0.883 | 0.666 |0.001*
UTK 329 | 29.17 | 27.6" | 2737 | 2797
power = 0.981
0.132 | 0.106 |0.018*
LTK 10.3 12.3 12.4 12.37 11.9
power = 0.801
0.329 | 0.703 |0.017*
LBL 173 | 154" | 15.2~» 15.17 15.27
power = 0.808
* p<0.05 (significant load effect on UTK, LTK, and LBL)
Pair-wise comparison of load effect (p<0.05):
A significant different when comparing with 0% BW
# significant different when comparing with 5% BW
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332 Regressions of local spinal curvatures

An appropriate continuous regression line formulating the relationship
between loading condition and individual local spinal curvature was identified to
be the second-order polynomial model (Figure 3.3). The R? of each regression
model of the data set of LBL, LTK, UTK and HNL were 0.914, 0.906, 0.992 and 0.968,
respectively. The four regressions illustrated relatively strong unimodal quadratic
associations between loading condition and local spinal curvatures. While loading
increased, both LTK and HNL rose from the baseline condition until they reached
their local critical loads at 12.3% and 10.9% BW, respectively, and then reversed
towards reduction with further increase in backpack load. On the contrary, both
LBL and UTK reduced in the beginning of the loading until they reached their local
critical loads at 14.0 and 14.1% BW, respectively, before reversing to increase

backpack load.

333 Goal programming models

The maximum and minimum curvatures of LBL, LTK, UTK, and HNL were
investigated and the local critical curvatures were figured out with respect to four
local critical loads. The LGP and 3 WGP approaches were formulated in accordance
with the respective cost functions, constraints, boundaries, and nonnegativity
conditions (Tables 3.3 and 3.4). The global critical loads of the LGP, CVGP, PNGP

and ZOGP were found to be 14.0, 13.1, 13.0 and 12.9 % BW respectively.
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Table 3.3

Formulation of the Lexicographic Goal Programming approach.

Lexicographic Goals: (1) LBL, (2) HNL, (3) LTK + UTK

Cost Function (1st GP)

+
DLBL

—0.014812 + 0.3219L + Digyy, — Dfiy, = 1.7503
0.02841% — 0.8031L + Dgrx — Dijpx = —5.6775

Constraint
—0.0145L% + 0.3552L + Ditk — DETK = 2.1753
0.0111L% — 0.3116L + DigL — DEBL = —2.1868
Boundary 5<L<20

Non-negativity

- + - + - + —~ +
Dune» Dhine» Durk s DUtk » Dirk» Dotk DipL, Digr =0

Cost Function (2nd GP)

DhnL

—0.0148L? + 0.3219L + Djy. — Dfin, = 1.7503
0.02841% — 0.8031L + Dyrx — Dijrx = —5.6775

Constraint —0.0145L2 4+ 0.3552L + Dirx — Difrx = 2.1753
0.0111L? — 0.3116L + Dip;, — Dip, = —2.1868

DL =0

Boundary 5<L<20

Non-negativity

- + - + — + — +
Dunt» Dinw» Dutk, Dotk » Dirk» Dtk Digr, DL =0

Cost Function (314 GP)

Dtk + DT

—0.0148L? + 0.3219L + Djy. — Dfin, = 1.7503
0.02841% — 0.8031L + Dyrx — Dk = —5.6775

Constraint —0.0145L2 4+ 0.3552L + Ditx — Difrx = 2.1753
0.0111L2 — 0.3116L + Dip;, — Dip, = —2.1868
DIBL =0 ) D;INL = 0.1444576
Boundary 5<L<20

Non-negativity

— + -~ + - + — +
Dune» Dhine» Durk s DUtk » Ditk» Dotk DipL, DigL =0

Solution of LGP was 14.0% BW.
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Table 3.4  Formulation of three Weighted Goal Programming approaches.

Chebyshev Variant Goal Programming (CVGP)

Cost Function

h

—0.014812 + 0.3219L + Diyp, or Dijy, = 1.7503
0.02841% — 0.8031L + Dgrg or Dijpg = —5.6775
—0.014512 + 0.3552L + Digyp, or Dijy, =  2.1753

Constraint
0.0111L% — 0.3116L + Dyrk Or D[JSTK = —2.1868
DHNL < Dtk < DLtk < Dig1,
33.9254 — ’ 27.0633 — 7 12.6094 — ' 14.8804 —
Boundary 5<L<20

Non-negativity

- + - + — + - +
Dane» Dhne» Dotk Durk > Drtk» Dtk DieL, DL = 0

Percentage Normalization Goal Programming (PNGP)

Cost Function

DhnL Dtk Drrk DigL
33.9254  27.0633 12.6094 14.8804

—0.0148L? + 0.3219L + Djjy, or Dfjy, = 1.7503
0.02841% — 0.8031L + Dypk or Dfjrx = —5.6775

Constraint
—0.0145L? + 0.3552L + Dy, or Dfjn =  2.1753
0.0111L2 — 0.3116L + Djjrg or D{jrx = —2.1868
Boundary 5<L<20

Non-negativity

- + - + - + - +
Dune» Danw» Dutk, DUtk Dotk s Dtk Drgr, DipL =0

Zero-one Normalization Goal Programming (ZNGP)

Cost Function

DhnL 4 Dtk + Drrk + DiBL
33.9254 294353 12.6094 15.7867

—0.0148L? + 0.3219L + Djjy, or Dfjn, = 1.7503
0.02841% — 0.8031L + Dypk or Dfjrx = —5.6775

Constraint
—0.0145L? + 0.3552L + Djjy, or Dfjn, =  2.1753
0.0111L% — 0.3116L + Dijpk or D{jrx = —2.1868
Boundary 5<L<20

Non-negativity

- + — + — + - +
Dunw» Dine» Durk» Dotk » Drrk» Ditk» DisL, DipL = 0

Solutions of CVPG, PNGP, and ZOGP were 13.1, 13.0, and 12.9 % BW, respectively.
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3.4 Discussion

341 Spinal curvature changes

When comparing between the loaded conditions (5, 10, 15, and 20% BW)
with the baseline condition (0% BW, no-load), there was no significant increase in
HNL but there were significant decreases in LBL and UTK at all loads and a
significant increase in LTK at load of 15% BW only. These results were consistent
with those reported by Chow et al. (2007) that there were significant increases in
head on neck extension, significant decrease in LBL at a load of 20% BW only,
significant decrease in UTK, and no significant decrease in LTK at all loads.

The changes of LBL and HNL were largely consistent among different studies,
i.e. decrease in LBL and increase in HNL while carrying a loaded backpack
(Chansirinukor et al., 2001; Chow et al.,, 2006a, 2007, 2010, 2011a; Devroey et al,,
2007; Goodgold et al., 2002; Grimmer et al., 2002; Hong and Cheung, 2003; Li et al,,
2003; Pascoe et al., 1997; Rodriguez-Soto et al., 2013). The decrease in LBL was the
consequence of the lumbar flexion maneuver, which aimed at centralizing a
posterior load over the base of support while the increase in HNL was to maintain
the eye gaze with the increased trunk forward lean.

The change of thoracic kyphosis was inconsistent across various findings
reported from previous studies. A falling trend was found in the studies by Chow et
al. (2007) and Negrini and Negrini (2007) as well as in this part of the study (43.2°,
41.4°, 40.0° 39.6° and 39.8° at loads of 0, 5, 10, 15, and 20% BW, respectively by

adding the UTK and LTK at each load) whilst a rising trend was observed in the
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other studies by Chow et al. (2010, 2011b), Devroey et al. (2007), and Orloff and
Rapp (2004). The difference in findings might be accounted by the design of the
carried load. A regular backpack was used in the latter studies while a specially
reconstructed one (which might have constrained the movement of the thoracic
spine and resulted in a relatively straightened thoracic curve) was used in the

former.

342 Flexion and extension strategies

The human spine is a complex structure. It is difficult to fully understand its
function (Reeves et al., 2011). Nonetheless, its mechanism may be better explained
by its capability to maintain both dynamic and static equilibrium under external
perturbation (Reeves et al., 2007). The flexion and extension strategies (FES) of the
four spinal regions simultaneously changed with respect to the continuous
perturbation by carrying a loaded backpack and revealed the mechanism of the
functional spine. When backpack load increased, the local spinal curvatures could
be expressed as continuums of an external perturbation.

The four spinal regions exhibited different flexion and extension strategy
between backpack load of 5 and 20% BW. The flexion and extension strategy could
be partitioned by the four local critical load conditions for detail investigation
(Table 3.5). The respective flexion and extension of LBL, LTK, UTK, and HNL when
loading increased from 5% to 10.9% BW (Stage 1) were [E—E|F—F]; from 10.9 to
12.3% BW (Stage 2) were [F|E|F—F]; from 12.3 to 14.0% BW (Stage 3) were

[F|[E—E|F]; from 14.0 to 14.1% BW (Stage 4) were [F|E—E—E], and from 14.1 to
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20% BW (Stage 5) were [F—F|E—E]. Beginning in Stage 1 and ending at Stage 5,
flexion and extension strategy of all four regions were synchronized in both upper
and lower spinal regions. The difference between Stage 1 and Stage 5 was that the
lower [LTK and LBL] and upper [HNL and UTK] spinal regions reversed their
strategy from flexion to extension and from extension to flexion, respectively. In
Stage 3, flexion and extension strategy of both lower and upper spinal regions was
counter-active. Stages 2 and 4 transitioned the flexion and extension strategy from

Stage 1 to Stage 3 and from Stage 3 to Stage 5, respectively.

Table 3.5 Flexion and extension strategy of individual spinal region

Flexion and Extension Strategy (FES)
Spinal (Stage 1) (Stage 2) (Stage 3) (Stage 4) (Stage 5)
curvature 5-109% | 10.9-12.3% | 12.3-14.0% | 14.0-14.1% | 14.1-20%
BW BW BW BW BW
HNL (EO-C7) E F F F F
UTK (C7-T7) E E E E F
LTK (T7-T12) F F E E E
LBL (T12-S1) F F F E E

F = Flexion, E = Extension,

BW = body weight, EO = external occipital,

HNL = head on neck lordosis, UTK = upper thoracic kyphosis,
LTK = lower thoracic kyphosis, LBL = lumbar lordosis
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343 Critical backpack load

The size and extent of thoracic spine articulated with the rib cage are
distinctive from the cervical and lumbar spine. This unique architecture leads to a
different regional movement maneuver (Willems et al, 1996). The lower and upper
thoracic spine synthesizes the movement pattern, to a certain extent, of the lumbar
and cervical, respectively (Cook, 2007). Aiming at maintaining stability, the spine is
necessarily, at the perturbed condition under backpack load carriage, to stay close
to its neutral postural position (unperturbed condition, without backpack
carriage), and most importantly, constrain the ranges of motion of the four spinal
regions (Reeves et al.,, 2007). The range of motions and their unimodal quadratic
local spinal curvatures observed in this part of the study largely complied with the
requirement of a healthy spine to maintain its stability under the external
perturbation while carrying a backpack loaded between 5 and 20% BW.

Only symmetric load carriage between 5% and 20% BW using an internally
reconstructed backpack with two-strap and center of gravity positioned at T12
level was evaluated in this part of the study. There were various factors that might
have impact on the curvature changes while carrying a loaded backpack such as:
the position of the center of gravity of the loaded backpack (Devroey et al., 2007),
the way of carrying backpack (Chow et al., 2011a; Devroey et al.,, 2007), load
distribution (Knapik et al., 1996), gender difference (Attwells et al., 2006), skill and
experience of backpack users (Knapik et al., 2004; Vacheron et al., 1999), and the

functional designs of the backpack (Holewijn, 1990).
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What heaviness is excessive? The general recommendation is not to exceed
certain limit of allowable backpack weight. Previous studies about limit of
backpack weight had been done intensively for schoolchildren worldwide. The
common guidelines, generally in multiples of 5% BW, are inconsistent across
countries (Lindstrom-Hazel 2009). The range is between 5 and 20% BW (Dockrell
et al, 2013). The guidelines with respect to specific postural changes or spinal
curvature were consistent with the recommended guideline of 5% (Rateau, 2004),
10% (Devroey et al., 2007), 15% (Chansirinukor et al, 2001), and 20% BW
(Al-Khabbaz et al., 2008).

In this study, the highest and lowest thresholds of critical backpack loads were
shown by the significant changes in UTK and LBL at 5 and 20% BW levels,
respectively. The most critical range of backpack load fell in the range between
13% BW (WGPs) and 14% BW (LGP), as explained by the counter-active flexion
and extension strategy catered by both lower and upper spinal regions. This part of
the study therefore recommends 13% BW (lower limit upon comparing the
optimal solutions between LGP and WGPs) as the most critical backpack load as it
falls within the most critical load region and the mostly recommended backpack

weight limit of 10%-15% BW by previous studies (Dockrell et a., 2013).

344 Advantage of considering global critical load
The most critical backpack load was evaluated with respect to the global
critical load of the whole spine, instead of the local critical load of a specific spinal

region or threshold level. A more comprehensive and reasonable standard
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considering both the postural changes and spinal stability as well as their

associations with the increase in backpack load carriage could be determined.

345 Limitations

There were several limitations in this part of the study. First, for convenience
of conducting the experiment by a male experimenter, female participants were not
included, application of the findings to females is subject to further validation.
Second, as all participants were young adults, the findings may not be
generalizable to adolescents and children. Third, the small standard deviations in
height (0.05 m) and body weight (5.7 kg) might exhibit homogeneousness of the
ten randomly selected participants and constrain the generalization of the findings
of this part of the study as well as integrate possible over-fitting of experimental
data to the recommended second-order polynomial regression model. Fourth, the
employment of an internally reconstructed backpack with center of gravity
positioned at the T12 level might be different from regular backpack use. Fifth, this
part of the study aimed at evaluating the short-term effect of backpack load
carriage and the findings might not be applicable to long-term carriage. Sixth,
muscle fatigue and physiological responses including ECG, heart rate, blood
pressure, oxygen consumption, and pulmonary functions was not considered in
short-term carriage. Seventh, the current findings did not consider the parameters
of spinal flexibility and muscle strength of individual participants. In addition, this
part of the study compared the curvature changes partitioned in four different

spinal regions and determined the most critical backpack load by LGP and WGPs.
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3.5 Summary

This part of the study applied inertia-measuring sensors to assess
simultaneous changes in local spinal curvatures along the whole spine in upright
stance with backpack carriage up to 20% of BW. A multi-objective goal
programming approach was developed to determine the global critical loading
condition. Results suggested that for healthy male young adults, the most critical

backpack load was 13% of BW.
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CHAPTER 4*

Effects of backpack load on critical changes of trunk
muscle activation and lumbar spine loading during

walking in young male adults

* This chapter has been published by the author of this thesis.

Li, S. S. W,, & Chow, D. H. K. (2018). Effects of backpack load on critical changes of
trunk muscle activation and lumbar spine loading during walking. Ergonomics,

61(4), 553-5665.

Critical changes featuring the disproportionality of increases in trunk muscle
activation and lumbar joint loading while walking with backpack carriage in light
and heavy weight may reveal the load-bearing strategy of the lumbar spine. This
was evaluated using an integrated approach equipped with a wireless surface
electromyography, a force platform, and a motion analysis system to measure the
trunk muscle EMG amplitudes and lumbar joint component forces. This part of the
study hypothesized that a multi-objective goal programming model could be
identified and used to predict the most critical changes in trunk muscle activation
(in terms of peak EMG amplitude) and lumbar spine loading (in terms of peak
lumbosacral joint force) while walking with no-load and a backpack loaded up to

20% of BW.
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4.1 Background

Walking is a usual human activity and considered to be harmless to healthy
individuals, and even beneficial to low back pain patients (Nuttter 1988). Walking
with backpack carriage is a typical daily activity for many working adults, college
students, adolescents, and schoolchildren. However, walking with a heavy
backpack has been identified as an ergonomic risk factor for low back pain
(Heuscher et al. 2010).

Walking induces cyclic stress on the spine, and walking while carrying a
loaded backpack further increases the mechanical loading on the lumbar spine.
The additional spinal stress may be due to the change in trunk and pelvis
coordination variability (Yen et al. 2012), non-synchronized movements of trunk
and backpack (Pierrynowski et al. 1981), as well as increases in flexion (Singh and
Koh 2009), trunk stiffness (Holt et al. 2003), and vertical ground reaction forces
transmitted through the lower-body-linked segments up to the lower spinal levels
(Birrell et al. 2007).

Numerous studies on lumbar spine loading during walking (Callaghan et al.
1999; Cheng et al. 1998; Goh et al. 1998; Khoo et al. 1995; Shojaei et al. 2016) have
concluded that the peak compression force generated in the lumbar spine is
between 143% and 309% (mean: around 185%) of BW, i.e. in absolute terms,
between 1009 N and 2179 N with mean approximately 1305 N. Only one of these
studies evaluated the impact of different backpack loads on spinal load. Walking

with a backpack load at 15% or 30% of BW increased the peak compression force
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by 26% and 64% of BW, which were 11% and 34% of BW greater than the
backpack weight, respectively (Goh et al. 1998). The disproportionality of
increases in joint loading between carrying a light and heavy weight backpack
reveals critical changes in the load-bearing strategy of the lumbar spine. However,
there is a lack of detailed evaluation in the disproportionality of or critical changes
in the increases in mechanical joint loading between backpack loads of 0%-15%
and 15%-30% of BW.

The muscle and joint contact forces required to counterbalance the resultant
moment of the joint are the two dominant components of joint load during walking.
The joint compression contact force at lower spinal level is, on average,
approximately 578 N (82% of BW) (Callaghan et al. 1999; Hendershot and Wolf
2014). However, the compression force acting at the joint due to trunk muscles
could be as high as 1545 N (219% of BW) (Callaghan et al 1999). Backpack
carriage at 10% of BW significantly increased abdominal muscle activation
(Devroey et al. 2007) and might generate excessive mechanical loading at the
lumbar joint and induce low back pain during prolonged walking (Knapik et al.
1996). However, in elders with spinal deformities, carrying a lightweight backpack
significantly decreased back muscle activation and reduced their back pain (Ishida
et al. 2008; Lai et al. 2011). Even in healthy individuals, there may be an indication
of a slight decrease in overall lumbar spine loading from lightweight backpack

walking.
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Carrying a loaded backpack was considered an external perturbation on the
spinal column during walking. Based on the weight of backpack, various LBSs were
executed at the lumbar joint through trunk muscle activation patterns. While the
heaviness of a backpack increases, different load-bearing strategies were catered at
the lumbar joint through trunk muscle activation patterns. This part of the study
considered the minimum or maximum rate of change in muscle activation and joint
loading as the critical event in lumbar spine strategy to allocate the minimum or
maximum muscle activation and joint force per unit increase in backpack load, and
evaluated the impacts of backpack weight on critical changes in trunk muscle
activation and lumbar spine loading while walking. The hypothesis of this part of
the study was that a multi-objective goal programming approach could be
identified and applied to determine the most critical changes in trunk muscle
activation (in terms of peak EMG amplitude) and lumbar spine loading (in terms of
peak lumbosacral joint force) while walking with no-load (0% of BW) versus

loaded with a backpack of up to 20% of BW.

4.2 Methods

4.2.1 Participants

A convenience sample of 10 healthy male college students was recruited from
a local college (Table 4.1). The sample size was estimated with reference to
previous similar studies in young adults (Goh et al. 1998; Majumdar et al. 2010;

Majumdar et al. 2013) and was justified by post-test observation of statistical
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power of 0.8 at significant level, p=0.05. Participants were screened and those with
known history of any spinal deformity or low back pain were excluded. Their mean
height, body weight, and age were 1.76 (SD 0.04) m, 71.3 (SD 8.9) kg, and 23.7 (SD
3.0) years, respectively. Ethical approval from the Human Research Ethics
Committee and written informed consent from all participants were obtained prior

to the experimentation.

Table 4.1  Characteristics of the ten healthy male Participants.
Participant | Height (m) | Weight (kg) | Age (year)

1 1.76 69.3 29

2 1.75 53.7 25

3 1.78 78.6 23

4 1.8 79.4 24

5 1.81 81 19

6 1.76 74.2 22

7 1.69 68.2 25

8 1.76 73.6 27

9 1.69 75.2 23

10 1.75 59.3 20
Mean 1.76 71.3 23.7
SD 0.04 8.9 3.0
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4.2.2 Experimental design

A randomized repeated measure design was adopted in this part of the study.
Independent variables were the backpack load (0% for no-load, and 5%, 10%, 15%,
and 20% of BW for loaded conditions), and the side effect (left and right strides),
where applicable. Dependent variables were (a) spatial-temporal parameters
including cadence, walking speed, single-support duration, double-support
duration, step length, step time, stride length, and stride time; (b) ground reaction
forces including the first vertical peak, vertical trough, second vertical peak, as well
as peak of anterior, posterior, and mediolateral shears; (c) peak electromyography
(EMG) amplitudes of six bilateral pairs of trunk muscles including the rectus
abdominis, external oblique, internal oblique, latissimus dorsi, thoracic erector
spinae, and lumbar erector spinae; and (d) peak forces at the lumbosacral joint

including compression, anterior, posterior, and mediolateral shears.

4.2.3 Instrumentation

The lower body segments were identified using 12-mm diameter reflective
markers and their motions were captured by eight Oqus 700+ cameras (Qualisys,
Gothenburg, Sweden). Trunk muscle activities were collected using a wireless
surface EMG system (bandwidth CMMR > 80 dB at 60 Hz, bandwidth 20-450 Hz,
gain 1000, Trigno, Delsys, Boston, MA, USA) at sampling rates of 100, 2000, and
2000 Hz, respectively. Ground reaction forces were recorded by three force

platforms (Model 4060-10, Bertec Corporation, Columbus, OH, USA).
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All data were acquired synchronously with a trigger pulse device (Delsys
Trigger Module, Boston, USA) using the Qualisys Tracking Manager software
(Qualisys, Gothenburg, Sweden). This part of the study adopted an internally
reconstructed double-strap backpack used in a previous study (Li and Chow 2016)
(Figure 3.1 in Chapter 3). The cameras were positioned so that the view of
reflective markers, especially those affixed to the lower back, were not blocked by

the backpack.

4.2.4 Data collection

Twenty anthropometric measurements (body mass, anterior superior iliac
spine breadth, left and right thigh length, mid-thigh circumference, shank length
and circumference, knee diameter, foot length and breadth, and malleolus height
and width) were recorded for estimating the parameters of body segments
(Vaughan et al. 1999).

Fifteen dynamic anatomical markers (second metatarsal heads, heels, lateral
malleoli, tibia wands, lateral femoral epicondyles, femoral wands, and anterior
superior iliac spines and sacrum) (Vaughan et al. 1999) and two static anatomical
markers (posterior superior iliac spines) were affixed to the respective body

landmarks (Figure 4.1).
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The skin around the 12 identified placements of surface electrodes was
cleaned using alcohol to remove dead skin, oil, and dirt, as well as shaved if
necessary to reduce resistance during the EMG acquisitions. Then, 12 EMG
electrodes were attached to each subject on these identified surfaces of the trunk
muscles (McGill 1992): lumbar erector spinae (3 cm lateral to the L3 spinous
process), thoracic erector spinae (5 cm lateral to the T9 spinous process),
latissimus dorsi (lateral to T9 over the muscle belly), internal oblique (below the
external oblique electrodes and just superior to the inguinal ligament), external
oblique (approximately 15 cm lateral to the umbilicus), and rectus abdominis (3
cm lateral to the umbilicus) (Figure 4.1). The locations and arrangements of these
six pairs of muscles have been validated to minimize the signal crosstalk between
electrode pairs during bending and twisting tasks, and be the best representation

of differential muscle activity (Lafortune et al., 1988).

Figure 4.1 Front and back views of the placements of surface EMG electrodes

and anatomical markers.
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Each participant was asked to maintain a relaxed barefoot upright stance on
the force platforms for 3 sec of static trial capturing and then instructed to stand at
the starting position of the walkway for 5 sec prior to performing the walking trials
at his preferred speed along a 10-m walkway (embedded with 3 force platforms)
under the no-load (0% of BW) and four loaded conditions (5%, 10%, 15%, and
20% of BW). The center of gravity of backpack under the loaded conditions was
identified using a horizontal belt adjusting to the T12 spinal level by lengthening or
shortening the shoulder straps (Li and Chow 2016). The sequence of loading
conditions was randomized. Three successful trials were recorded for each loading
condition. Prior to the static and walking trials, individual participant was asked to
do four maximum voluntary contraction (MVC) activities: shoulder extensions,
trunk extensions, back lift pull, and bent sit up (Gagnon et al. 2001). Each MVC trial
was recorded for 3 sec. Subjects rested for 1-2 min between two consecutive

experimental trials and 5 min after finishing an entire set of walking or MVC tasks.

425 Data processing

Raw marker and force platform data were filtered using a bidirectional
fourth-order Butterworth low pass filter at cutoff frequencies of 6 and 25 Hz,
respectively (Hendershot and Wolf 2014). Raw EMG data were full-wave rectified
and processed using dual-pass, fourth-order Butterworth low pass filter at a cutoff
frequency of 2.5 Hz (Pakzad et al. 2016). All filtering processes were implemented
using the MATLAB 2015b software (The MathWorks, Inc., Natick, MA, USA).

The period of a complete gait cycle of each walking trial was identified
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between two consecutive left foot initial contacts on the ground. These two critical
events as well as left and right foot toe off were determined from the vertical
ground reaction force recorded by the force platforms using a threshold of 20 N
(Zeni Jr. et al. 2008) as well as the markers affixed to the heels and second
metatarsal heads (Cappellini et al., 2006). The spatial-temporal parameters were
measured based on the chronological events within an identified gait cycle: left foot
initial contact, right foot toe off, right foot initial contact, left foot toe off, and left
foot initial contact (Ayyappa, 1997). The gait cycle of each walking trial was
time-normalized to 101 points for further data processing. The EMG signals of the
walking trials were normalized using the respective EMGs at MVCs. A previous
study demonstrated that the EMG amplitudes of maximum muscle contraction
levels was not always reliable while on the other hand the peak level determined to
be higher no more than 10% of an identified cycle time would provide more
relevant information (Jonsson 1982). Thus, this part of the study catered for the
peak EMG amplitudes at the 90 percentile of the normalized EMG amplitudes.

The International Society of Biomechanics recommendations for
standardization in the reporting of kinematic data (Wu and Cavanagh 1995) and
definitions of the joint coordinate system (Wu et al. 2002) were adopted to define
the global and anatomical coordinate systems. The lumbosacral joint center was
estimated by the bony landmarks of anterior and posterior superior iliac spines,
and the sacrum (Reed et al. 1999). The baseline lumbosacral disc angle was based
on the previous literature (McGill and Norman 1986). A lower body inverse

dynamic model was used to calculate the lumbosacral joint reaction force and
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moment (Plamondon et al. 1996). The lower body model covered seven segments
including feet, shanks, thighs, and pelvis. Reflective markers were attached to each
segment for determining its linear and angular accelerations. Inverse dynamics
was applied to determine the linear and angular inertial effects of each segment.
Together with the measured ground reaction forces, the resultant force and
moment at the lumbosacral joint were determined. The moment was then
partitioned among the six bilateral pairs of trunk muscles by an upper body trunk
musculoskeletal architecture providing the anthropometric data of muscle
cross-sectional areas, lever arms, and lines of action (McGill and Norman 1986;
Gagnon et al. 2001). An EMG-assisted optimization model developed by Cholewicki
et al. (1995) was adopted, except that the passive muscle forces were neglected
because of its low magnitude in upright trunk posture (Cholewicki et al., 1995) and
the lower bound of muscle gains, adjusting the initial muscle force estimates to
perfectly counter balance the moments induced in the lumbar spine, were set at 0.5
(instead of zero) for all muscles for ensuring adequate prior EMG-based muscle
force estimates for all trunk muscles (Gagnon et al,, 2001). The objective of the
optimization approach was to determine the least possible adjustments to the
initial muscle force estimations while satisfying the perfect moment equilibrium at
the lumbosacral joint.

Trend lines were used to fit the scatter plots of the overall means of peak EMG
amplitudes and joint forces with a significant backpack load effect. An appropriate
regression model for overall means was identified. The derivative functions of

regressions representing the rates of changes in peak EMG amplitudes and joint
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forces were obtained. The maximum or minimum rates of changes in peak EMG
amplitudes and joint forces were determined and defined as critical changes in
individual muscle and joint component force. The maximum or minimum rates of
changes in peak EMG amplitudes and joint forces could appear at different points
along the continuous backpack-loading spectrum between 0% and 20% of BW. The
most critical rates of changes in peak EMG amplitudes and joint forces were
determined by locating the position with the least deviation from the maximum or
minimum rates of changes. A multi-objective GP model (Li and Chow 2016) was

adopted to determine these positions.

4.2.6 Statistical analysis

The averages of three successful trials of each dependent variable for each
loading condition were used as input data. A one-way or two-way MANOVA was
used to analyze the significance of backpack load, side, or backpack load and side
interaction on the four groups of dependent variables: spatial-temporal parameter,
ground reaction force, peak EMG amplitude, and peak joint force. A repeated
measure ANOVA was then used to analyze those groups of dependent variables
with significant effects (SPSS version 21.0, IBM Inc., Chicago, IL, USA). Statistical
significance and power were set at p=0.05 and p=0.8, respectively. Post-hoc

comparisons were made based on the least significant difference (LSD) criterion.
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4.3 Results

The spatial-temporal parameters, ground reaction forces, peak EMG
amplitudes, and lumbosacral joint forces under various loading conditions for the
ten participants were obtained (Appendices 4.1, 4.2, 4.3, 4.4). The pooled means of
all dependent variables were figured out (Table 4.2).

The results of two-way MANOVA tests (Table 4.3a) showed that there were no
significant side or backpack load and side interaction effect on all the three groups
of dependent variables: spatial-temporal parameters including single-support
duration, step length, and step time (p=0.441 and 0.607, respectively), ground
reaction forces (p=0.619 and 1.000, respectively), and peak EMG amplitudes
(p=0.150 and 1.000, respectively). The backpack load effect was not significant on
the group of spatial-temporal parameters (p=0.945), but significant on both
groups of ground reaction forces (p<0.001) and peak EMG amplitudes (p=0.007).

The results of one-way MANOVA tests (Table 4.3b) showed that the backpack
load effect was significant on the peak joint forces (p<0.001), but not significant on
the spatial-temporal parameters including cadence, walking speed, double-support
duration, stride length, and stride time (p=0.983).

The significant backpack load effects on the ground reaction forces, peak EMG
amplitudes, and peak joint forces were further analyzed by repeated measure
ANOVA (Table 4.3c). The effect of backpack load was significant on all dependent
variables (p<0.05), except that the changes in peak EMG amplitudes of latissimus

dorsi (p=0.233) and thoracic erector spinae (p=0.940) were not significant.
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Table 4.2

Pooled means of all response variables from all participants. The

figures shown inside the bracket were standard errors of the means.

Backpack load 0% BW | 5% BW ([ 10% BW | 15% BW | 20% BW
Cadence (steps/min) 120 (2.6) | 120 (1.8) | 118 (2.0) | 118 (2.5) | 117 (2.4)
Walking speed (m/s) 1.29 (0.03)[1.30 (0.02)[1.27 (0.03)[1.27 (0.03)[1.25 (0.03)
Double support duration
10.6 (0.4) | 10.6 (0.3) [ 11.4 (0.4) [ 11.6 (0.3) | 11.3 (0.6)
(% GO)
Spatial- - -
Single support duration
temporal 39.4 (0.4) | 39.4 (0.5) | 38.6 (0.5) | 38.4 (0.3) | 38.7(0.7)
(% GO)
parameter
Step length (m) 0.64 (0.01)[0.65 (0.01)[0.64 (0.01)[0.65 (0.01)[0.64 (0.01)
Step time (s) 0.50 (0.01)[0.50 (0.01)[0.51 (0.01)[0.51 (0.01)[0.51 (0.01)
Stride length (m) 1.29 (0.02)|1.30 (0.02)[1.29 (0.02)[1.30 (0.02)[1.28 (0.02)
Stride time (s) 1.00 (0.02)(1.00 (0.01)(1.02 (0.02)[1.02 (0.02)[1.03 (0.02)
First peak of vertical 112 (1.7) | 118 (1.5) | 121 (1.5) | 125 (2.1) | 130 (1.7)
Ground [Second peak of vertical 109 (1.1) | 115 (1.4) | 121 (1.2) | 125(1.2) | 130 (1.1)
reaction |Trough of vertical 72 (1.1) | 73(1.9) | 79 (1.4) | 84 (1.0) | 87 (1.1)
force Peak of anterior shear 23.3(0.8) [ 24.5 (0.8) | 25.1 (0.8) [ 26.0 (0.8) | 27.3 (0.8)
(% BW)  |Peak of posterior shear | 20.2 (0.9) | 21.7 (0.7) | 22.0 (0.7) | 23.4 (0.8) | 24.2 (0.8)
Peak of mediolateral shear| 7.5 (0.4) | 7.6 (0.3) | 8.0 (0.3) | 8.4 (0.3) | 8.6 (0.4)
Rectus abdominis 3.2(0.4) | 3.5(0.4) | 44 (0.6) | 6.0(0.9) | 7.0 (07)
External oblique 6.5(09) | 71 (1.1) | 8.1(1.2) |10.1(1.4)| 8.7 (1.1)
Peak EMG -
Internal oblique 8.4(09) | 87(1.1) | 9.6 (1.1) |11.3(1.0)|11.1(1.2)
amplitude
issi i 4.3 (0.5 3.8 (0.5 4.6 (0.7 3.7(0.4 4.2 (0.5
(% EMG, ) Latissimus dorsi (0.5) (0.5) (0.7) (0.4) (0.5)
Thoracic erector spinae 7.0 (0.6) | 6.6(0.6) | 6.9(0.9) | 6.5(07) | 6.9 (0.5)
Lumbar erector spinae 8.6 (0.5) | 8.0(0.6) | 7.0(0.6) | 6.7 (0.6) | 7.4 (0.5)
Peak Compression 195 (5.2) | 190 (4.9) | 210 (5.3) | 234 (6.1) | 255 (6.5)
lumbosacral |Anterior shear 25.0 (1.7) | 25.7 (2.3) | 26.5 (2.7) | 28.3 (2.4) | 33.4 (2.7)
joint force |Posterior shear 19.6 (2.3) | 20.9 (2.3) | 24.5 (2.7) [ 25.0 (3.4) | 26.4 (2.7)
(% BW)  |Mediolateral shear 15.1 (0.8) | 15.5 (0.8) | 17.8 (1.3) | 18.6 (1.4) | 20.0 (1.6)

BW = body weight, GC = gait cycle

71




Table 4.3

Summary of the statistical results of the backpack load, side and their
interaction. (a) Two-way MANOVA, (b) One-way ANOVA, and (c) Repeated

measure ANOVA.
p-value
§ Backpack . Backpackload and | Statistical
(a) Two-way MANOVA load Side side interaction power
Spatial-temporal parameter i
(single-support duration, step length and time) 0.945 0.441 0.607
Ground reaction force < 0.001 0.619 1.000 1.000
Peak EMG amplitude 0.007 0.150 1.000 0.976
(b) One-way MANOVA
Spatial-temporal parameter
(cadence, walking speed, double 0.983 - - -
support-duration, stride length and time)
Peak joint force < 0.001 - - 0.998
(c) Repeated measure ANOVA with backpack load as within-subject factor
First peak of vertical < 0.001 - - 1.000
Trough of vertical < 0.001 - - 1.000
Ground [Second peak of vertical < 0.001 - - 1.000
reaction force|Peak anterior shear < 0.001 - - 1.000
Peak posterior shear <0.001 - - 0.999
Peak medial-lateral shear 0.004 - - 0.916
Rectus abdominis < 0.001 - - 0.986
External oblique < 0.001 - - 0.990
Peak EMG |Internal oblique 0.008 - - 0.870
amplitude |Latissimus dorsi 0.233 - - -
Thoracic Erector spinae 0.940 - - -
Lumbar Erector spinae 0.001 - - 0.965
Compression < 0.001 - - 1.000
Peak
Anterior shear < 0.001 - - 0.995
lumbosacral
o Posterior shear 0.002 - - 0.953
joint force
Medial-lateral shear 0.003 - - 0.937
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4.3.1 Effect of loading on spatial-temporal parameters

Increases in backpack load resulted in no significant changes in cadence,
walking speed, double support duration, single support duration, step length, step
time, stride length, and stride time (Table 4.3a,b). The approximate double- and
single-support durations (11% and 39% of gait cycle, respectively), step length
(0.65 m) and time (0.5 s), and stride length (1.3 m) and time (1.0 s) were
consistent across different loadings. When comparing between the no-load and
loaded conditions, the cadence and walking speed slightly and gradually decreased
from 120 steps to a minimum of 117 steps and from 1.29 m/s to a minimum of

1.25 m/s, respectively (Table 4.2).

4.3.2 Eftect of loading on ground reaction forces

Increases in backpack load significantly increased the ground reaction forces
including the first peak of vertical (p<0.001), trough of vertical (p<0.001), second
peak of vertical (p<0.001) as well as peaks of anterior shear (p<0.001), posterior
shear (p<0.001), and mediolateral shear (p=0.004) (Table 4.3c). Significant
changes occurred when the backpack was loaded at and beyond 5%, 10%, 5%, 5%,

10% and 15% of BW, respectively (Figure 4.2).
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Figure 4.2  Pooled means of the ground reaction forces (GRFs) during walking
under various loading conditions. One-sided vertical bars indicate standard error
of the mean (SEM). Data labels 0, V, T, and F indicate significant differences (p <
0.05) at 0%, 5%, 10%, and 15% of BW respectively.

4.3.3 Eftect of loading on peak EMG amplitudes

The pooled means of peak EMG amplitudes of the latissimus dorsi and
thoracic erector spinae were slightly decreased when comparing between the
no-load and loaded conditions (Table 4.2). However, the effects were not
significant (Table 4.3c). The increase in backpack load from the baseline (no-load)

condition significantly increased the peak EMG amplitudes of the rectus abdominis
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and external and internal oblique and significantly reduced the peak EMG
amplitudes of the lumbar erector spinae at loadings of >10%, 10%, 15% and 10%
of BW (Figure 4.3). With an increase in backpack load, the rate of changes in the
peak EMG amplitudes of the rectus abdominis, external and internal oblique, and
lumbar erector spinae changed from the baseline condition until they reached their
respective critical loads at 12.1%, 8.8%, 10.0%, and 7.1% of BW, and then reversed
towards reduction or increment with further escalation in backpack load (Figure

4.3).

4.3.4 Effect of backpack load on peak joint forces

Increases in backpack load from the baseline (no-load) condition significantly
increased the peak compression and anterior, posterior, and mediolateral shear
joint forces at loadings of >10%, 20%, 10% and 15% of BW (Figure 4.4). All three
peak shear forces strictly increased with increases in backpack load. However, the
minimum peak compression force was observed at a backpack load of 3.2% of BW.
With an increase in backpack load, the rates of changes in the peak compression
and posterior and mediolateral shear joint forces changed from the baseline
condition until they reached their respective critical loads at 12.8%, 7.7%, and
11.1% of BW. Then, they reversed towards reduction with further escalation in
backpack load (Figure 4.4a,c,d). By contrast, the rate of change of the peak anterior
shear joint force decreased at the beginning of the loading until the critical load
was reached at 5.5% BW, before reversing to increment with further increases in

backpack load (Figure 4.4b).
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4.3.5 Rates of change in muscle activities and joint forces

Individual backpack loads with respect to critical changes in peak EMG
amplitudes and joint forces were 12.1% (rectus abdominis), 8.8% (external
oblique), 10.0% (internal oblique), 7.1% (lumbar erector spinae), 12.8%
(compression), 5.5% (anterior shear), 7.7% (posterior shear), and 11.1%
(mediolateral shear) of BW. The Chebyshev variant goal programming model (Li
and Chow 2016) applied for both the rate of change of peak EMG amplitudes and
joint forces was formulated in accordance with the respective cost functions,
constraints, and boundary and non-negativity conditions (Table 4.4). The most
critical backpack loads with respect to the overall minimum deviation from
individual critical changes in peak EMG amplitudes and joint forces were 10.32%

and 10.48% of BW, respectively.

4.4 Discussion

4.4.1 Spatial-temporal parameters

Although increasing backpack load up to a maximum of 20% of BW had no
significant effects on any spatial-temporal parameter in this part of the study, a
trend of a gradual increase in the stride duration and a decrease in both cadence
and walking speed was observed. The findings of the significant effects of
backpack load on spatial-temporal parameters were not consistent between

adolescent and young adult age groups. The results of this part of the study were

78



Table 4.4
of (a) peak EMG amplitudes and (b) peak joint forces: formulation with respect to

Chebyshev variant goal programming models for the rate of change

backpack load and in accordance with the respective cost function, constraints,

boundary, and non-negativity condition.

(a) Rate of change peak EMG amplitude

Cost Function |k
-0.0027*L*L + 0.0656*L -D;.'A+ Dz, =0.3985
-0.0075*L*L + 0.1322*L - DE’O + Dgp =0.5826
-0.0045*L*L + 0.0896*L - be + D;p=0.4460
. 0.0030*L*L - 0.0428*L - DZ’E + D =0.1527
Constraints 3.3766% Dy, < k
1.7798"Dgy < k
3.4013*D,, <k
5.3719*D/z = k
Boundaries L=0L<20
Non- _ _ _ _
negativity Dga Dga Dgo Do Dio  Djo . Dy , Dy 2 0
Solution L= 10.32
D;r: positive deviation from critical change of muscle i
Abbreviations D : negative deviation from critical change of muscle i
i = RA (rectus abdominis), 10 (internal oblique),
EO (external oblique), LE (lumbar erector spinae)

(b) Rate of change of peak joint force

Cost Function

k

-0.0597*L*L + 1.5236*L - D + Dip= 9.7209
0.0063*L*L - 0.0692*L - D;f¢+ Dys=-0.1900
-0.0033*L*L + 0.0506*L - D5 + Dps = 0.1940
-0.0027*L*L + 0.0600*L - D' + D,s= 0.3333

Constraints 0.1849% D, < k
11.8239*D,. <k
2.1893"Dps < k
28667 Dis <k

Boundaries L=0,L<20

Non-negativity

~ nt p— pt. n—. Pt n-. nt
Dcp . Dep s Das , Das , Dps . Dps . Dys , D5 = 0

Solution L=1048
D;’: positive deviation from critical change of force i
Abbreviations D; : negative deviation from critical change of force i

i = CP (compression), AS (anterior shear),
PS (posteriorshear), MS (mediolateral shear)
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comparable to the findings in young adults and the trend of slight changes in
spatial-temporal parameters was largely similar to the findings in adolescents
(Chow et al. 2005a; Devroey et al. 2007; Goh et al. 1998; Majumdar et al. 2013).
Studies have shown that increasing the walking speed increased the peak
compression and anterior-posterior shear forces (Callaghan et al. 1999; Cheng et
al. 1998) and the peak lateral-medial shear force (Cheng et al. 1998) at lower
lumbar spine joints. The possible confounding effect of walking speed on joint
loads was controlled and minimized by the non-significant changes in walking

speed under the various backpack-loading conditions of this part of the study.

442 Ground reaction forces

The general statistical finding of this part of the study was that the heavier
the backpack load, the higher the components of ground reaction forces during
level walking. The significant effects of backpack load on ground reaction forces
were largely consistent with those reported in previous studies (Chow et al.
2005a; Majumdar et al. 2013). Changes in the load transfer of ground reaction
forces transmitted through the lower-body-linked segments to the lower spinal
levels were largely proportional to the system weight (body plus backpack) and
similar between light and heavy backpack carriage weight. Critical changes in
ground reaction forces were not observed along the backpack-loading spectrum

between 0% and 20% of BW.
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4.4.3 Peak EMG amplitudes

In general, the peak activities of flexor muscles (rectus abdominis and
external and internal oblique) increased and those of the extensor muscle
(lumbar erector spinae) decreased with an increase in backpack load. However,
the peak muscle activity of the external oblique decreased and that of the lumbar
erector spinae increased when the backpack load was increased from 15% to
20% of BW. Devorey et al. (2007) corroborates the significant changes in the
activities of the rectus abdominis, external oblique, and lumbar erector spinae
during the gait cycle under loads of up to 15% of BW. During the strike of the gait,
the mean linear envelope of the normalized EMGs of the rectus abdominis,
external oblique, and lumbar erector spinae decreased with increased backpack
loads of up to 15% of BW. The results of this part of the study were largely
comparable to these findings. The abdominal and back muscles do not exhibit a
cocontraction strategy with an increase in backpack load. It is noteworthy that
the perturbation of the external backpack load is passively handled, indicating the
critical response of the musculoskeletal structure of the trunk along the backpack

loading spectrum between 0% and 20% of BW.

4.4.4 Peak joint forces

Walking with backpack carriage at an average speed of 1.29 m/s induced
overall mean peak compression of 195% of BW (1364N) and anterior, posterior,
and mediolateral shear forces of 25% (175 N), 18% (140N), and 15% of BW,

(105N), respectively. These results are within the range of findings reported in
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previous studies (Callaghan et al. 1999; Cheng et al. 1998; Goh et al. 1998; Khoo
et al. 1995; Shojaei et al. 2016). Of these five studies, only Goh et al. (1998)
investigated the effects of varying backpack loads (0%, 15%, and 30% of BW) on
peak joint forces. The peak compression and resultant shear forces at the
lumbosacral joint significantly increased by 26.7% and 25.0%, respectively, when
the backpack load was increased from 0% to 15% of BW, and increased by 29.5%
and 28.6%, respectively, when the backpack load was increased from 15% to 30%
of BW. In this part of the study, the percentages of increase in peak compression,
anterior, posterior, and mediolateral shear forces between 0% and 15% BW, and
between 15% and 20% BW were 19.9 and 8.9 % (272 and 146 N), 13.2 and 18.0
% (23.2 and 35.7 N), 27.6 and 5.6 % (37.8 and 9.9 N), and 23.1 and 7.6 % (24.5
and 9.9 N), respectively. The higher percentage of an increase in the peak
compression force at backpack load of 15% of BW reported in the study of Goh et
al. (1998) might be attributable to the increase in walking speed at 1.31 m/s
when compared with 1.22 m/s in the unloaded condition. The disproportionality
of increases in joint loading between light and heavy backpack carriage weight
revealed critical changes in the LBS of the lumbar spine along the
backpack-loading spectrum between 0% and 20% of BW.

The changes for backpack loads from 0% to 20% BW (0 to 140 N), on
average, increased compression force by 420 N (from 195% BW—1364 N to
255% BW—1784 N) and anterior shear force by 59 N (from 25.0% BW—175 N
to 33.4% BW—234 N) (Figure 4.4a,d). The change of compression force was

superior to the increase in backpack load, but the increase in shear force was so
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small that measurement was prone to error. Arjmand et al. (2009) evaluated two
biomechanical models (single-joint EMG-assisted optimization and multi-joint
kinematics-driven finite element models) under various static lifting activities.
They reported that both models employed local lumbar and global trunk muscles
in various proportions, and predicted comparable compression forces but
significantly different shear forces (more than 100 N). The accuracy of indirect
measurements of spinal load remains unknown, but models are prone to errors

particularly in the measurements of shear forces.

4.4.5 Changes in muscle activities and joint forces

The external perturbation of backpack carriage adds both weight and mass
moment of inertia to the body at the same time (Costello et al. 2012) and shifts
the body’s center of mass posteriorly (Goh et al. 1998). A forward lean of the
trunk in compensation moves the body’s center of mass anteriorly. The LBS at the
lumbar spine is largely incorporated with the movement that is activated by the
trunk muscles. Muscle forces induced at the lumbar spine could account for more
than two-thirds of the peak compression during walking (Callaghan et al. 1999).

In this part of the study, carrying a lightweight backpack at 3.2% of BW may
have reduced the peak lumbosacral compression force at approximately 3% of
BW compared with no-load condition. As loading increased, the lumbosacral joint
supported more weight, and the peak joint forces increased disproportionally
until they reached the maximum backpack weight of 20% of BW. The rate of

change of peak EMGA amplitudes and joint forces representing the load-bearing
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efficiency of the lumbar spine may reveal the incorporated mechanism between
trunk muscle activation and lumbar spine loading strategies. While the rate of
change of peak EMGA amplitudes and joint forces represent critical changes in
individual trunk muscle activation and joint component force, the most critical
rate of change of the peak EMGA amplitude and joint force representing overall
trunk muscle activation and lumbar spine loading was found to be at a backpack
load of approximately 10% of BW. The most critical backpack load at 10% of BW
indicates the occurrence of a maneuver change in the LBS in the lumbosacral joint
when the lack of trunk muscle co-contraction activation becomes prominent and
significant.

The magnitudes and changes in peak trunk muscle activities as well as the
changes in both joint and ground reaction shear forces measured or predicted for
backpack loads (from 0% to 20% BW) in this part of the study were relatively
small (Figures 4.3 and 4.4). Such changes may not be harmful to healthy young
adults for a 10 m walking performed in this study when comparing with a
prolonged, such as 5 km walking that may induce fatigue and back pain.
Nevertheless, the load-bearing strategy of the lumbar spine required to maintain
the spinal stability is a major concern for the external perturbation of the

backpack loaded between 0% and 20% BW.
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4.4.6 Load-bearing strategies

The compensation effect of muscle activities of the abdominal, oblique, and
erector spinae muscle groups on the lumbosacral joint loads illustrated in Table
4.2 showed important indication of load-bearing strategy. The rate of change
profiles of peak EMG amplitudes and joint component forces were partitioned
along the continuum of the backpack load axis in accordance with their signs:
positive (+) or negative (—) for increases or decreases in the peak EMG
amplitude or joint component force, respectively (Table 4.5).

The profiles of peak EMG amplitudes were partitioned into five stages: 0-2%,
2-15%, 15-16%, 16-18%, and 18-20% of BW. The respective LBSs of the rectus
abdominis, external oblique, internal oblique, and lumbar erector spinae were [—,
—, —|—] when backpack load was increased from 0% of BW (baseline condition)
to 2% of BW (Stage I); [+, +, +|—] when increased from 2% to 15% of BW (Stage
I); [+, +, + |+] when increased from 15% to 16% of BW (Stage III); [+, —, + |+]
when increased from 16% to 18% of BW (Stage 1V); and [+ , —, —|+] when
increased from 18% to 20% of BW (Stage V).

In the beginning (Stage I), both abdominal and back muscles catered to a
synchronized LBS (all negative changes) that might indicate a reduction of lower
level lumbar joint load from a lightweight backpack. By the end (Stage V), the
rectus abdominis and lumbar erector spinae maintained a synchronized LBS by
reversing from a negative to a positive rate of change, whereas both external and
internal oblique catered to a non-synchronized LBS that might prepare for

heavier backpack carriage exceeding 20% of BW.
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In Stage II (2% to 15% BW backpack load), the back (negative changes) and
abdominal muscles (positive changes) catered to a non-synchronized LBS,
indicating the regions where a critical change in the individual peak EMG
amplitude occurred (12.1% for rectus abdominis, 8.8% for external oblique, 10.0%
for internal oblique, and 7.1% for lumbar erector spinae), as well as the regions
where most critical changes in the overall LBS occurred (10% of BW).

The profiles of peak joint forces were partitioned into two stages: 0-3% and
3-20% of BW. The respective joint forces of compression and anterior, posterior,
and mediolateral shear forces were [— |+, 4+, +] when backpack load was increased
from 0% of BW (baseline condition) to 3% of BW (Stage A) and [+]|+, +, +] when
the load was increased from 3% to 20% of BW (Stage B). In the beginning (Stage A)
and at the end (Stage B), all shear force rates of change were positive, whereas the
compression force changed from negative to positive. The negative rate of change
of the compression force in Stage A might indicate a reduction in compression joint
force for lightweight backpack carriage. This result was synchronized with the LBS
of trunk muscle activation reduction with a lightweight backpack. In Stage B (3% to
20% of BW backpack load), compression and all shear forces catered a
synchronized LBS, indicating the regions where critical changes in the individual
component joint forces occurred (12.8% for compression shear, 5.5% for anterior
shear, 7.7% for posterior shear, and 11.1% for mediolateral shear), as well as the
regions where most critical changes in the overall LBS occurred (10% of BW).

With light backpack carriage weight (Stage I of trunk muscle activation and

Stage A of lumbosacral joint loading), the negative changes in both abdominal and
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back muscles cause a slight reduction in compression but not shear forces. This
may be due to the backward shift of the body’s center of mass increasing the
moment of inertia of the system (body plus backpack), demanding a slight
deactivation of both abdominal and back muscles. The trunk muscles progress
through four different LBSs (Stages Il to V) with an increase in backpack load to up
to 20% of BW, along with incorporation of increasing lumbosacral joint forces
(Stage B). Transitioning from the critical changes in abdominal muscles in Stage II,
all the trunk muscles in Stage III cater to a synchronized or co-contraction LBS that
may cope with the demand for stability control in flexion-extension, lateral
bending, and twisting of the trunk when more backpack weight is added during
walking. However, the co-contraction LBS further increases the lumbosacral joint
force. The reduction in the muscle activation of the two oblique muscles in Stages
IV and V contribute to alleviate the strictly increasing lumbosacral joint load while
continuous increases in both flexor and extensor muscles play a major role in the
overall stability by controlling trunk rigidity. This LBS may be a preparation for

heavier backpack carriage exceeding 20% of BW.

4.4.7 Limitations

This part of the study has some limitations. First, for the convenience of
conducting the experiment by a male experimenter, all subjects were young adult
men, and the findings may not be generalizable to other gender or age groups.
Second, the EMG-assisted optimization biomechanical spine model adopted to

predict the trunk muscle forces did not consider the modulation factors of muscle
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length and velocity during dynamic locomotion, which may have induced
computation errors for determining lower level spinal loading. Moreover, the
consideration of moment equilibrium at individual joint at the lower lumbar spine
and introduction of parameters such as the gain factor during the optimization
process may induce computational error which can reduce the predictive accuracy
of lumbar spine loading (Arjmand et al., 2009; Dreischarf et al., 2016). Third, this
part of the study positioned the center of gravity of the backpack carriage at the
T12 level which might be different among users as setting of backpack at lower or
higher vertical position can also vary trunk muscle activation (Devroey et al., 2007).
Fourth, this part of the study aimed at investigating the short-term effect of
backpack load carriage and the results may not be applicable to long-term carriage
as trunk muscle activation pattern may vary with fatigue, which can have effects on
lumbar joint loading. Fifth, small sample size of 10 participants and only 5 level of
backpack loading conditions were tested in this study, the overfitting of current
data to the proposed polynomial regression model might be a concern of
generalizing the evidence of the conclusive results reported in this part of the study.
Larger scale and more detail researches are recommended for future study on the
effects of backpack load on loading bearing strategy in the spine or at the joints of

lower limbs during walking.
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4,5 Summary

This part of the study investigated the effects of backpack load on critical
changes in trunk muscle activation (in terms of peak EMG amplitude) and lumbar
spine loading (in terms of peak joint force) during walking. A predictive goal
programming model was applied to determine these critical changes during
walking between no-load condition (0% BW) and backpack load carriage of up to
20% of BW. Light backpack carriage weight at approximately 3% of BW may
reduce the cyclic peak compression force at the lumbosacral joint during walking.
The most critical changes in both peak EMG amplitudes and joint forces were
found to be at backpack load of approximately 10% of BW. The most critical
changes in trunk muscle activation may be a good indicator for evaluating the LBS
in the lumbar spine during backpack carriage due to the lack of co-contraction

strategy between the abdominal trunk and back muscles.

90



CHAPTER 5*

Refined EMG-assisted optimization approach under
optimal boundary condition for predicting lumbar spine
loading during walking with backpack carriage in young

male adults

* This chapter has been prepared for publication by the author of this thesis.

Li, S. S. W, Zheng, Y. P, & Chow, D. H. K. Refined EMG-assisted optimization
approach under optimal boundary condition for predicting lumbar spine loading

during walking with backpack carriage. (under revision)

This part of the study developed a computational algorithm for refining an
EMG-assisted optimization approach for predicting lumbar spine loading while
walking with a backpack. The refined approach catered for least possible number
of variables and parameters in the optimization process and was established based
on parameterized muscle gains constraining the lower boundary conditions of
trunk muscle coactivations. The validity and reliability of the optimal boundary
condition were analyzed by using leave-one-out cross-validation and balanced
bootstrap resampling methods. The refined approach provided a good estimator in
terms of its unbiasedness, consistency, and efficiency for predicting the peak

lumbosacral compression force.
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5.1 Background

Walking with a backpack carriage generates critical changes in trunk muscle
activation and lumbar joint loading (Li and Chow, 2017). Carrying a load
posteriorly deactivates the back muscles and activates the abdominal muscles
(Devroy et al,, 2007; Li and Chow, 2017). A lack of cocontractions in the extensor
and flexor muscles signifies a passive load carriage strategy and potential danger to
the human biological structure (Devroy et al., 2007). Therefore, evaluation of the
load-bearing strategy of the lumbar spine during walking with a backpack carriage
is essential.

Dreischarf et al. (2016) have studied in vivo and computational models for
predicting lumbar spine loads and Mohammadi et al. (2015) have applied an
EMG-assisted optimization (EMGAO) approach (Amarantini et al, 2010;
Cholewicki et al., 1995; Cholewicki and McGill, 1994; Gagnon et al., 2001, 2011) to
estimate trunk muscle force and lumbar joint loading. The modeling approach
integrates the building blocks of alternative EMG-assisted (EMGA) approaches
(Gagnon et al., 2001; Granata and Marras, 1995a; Marras and Granata, 1997; McGill
and Norman, 1986) by accounting for biological sensitivity to agonist-antagonist
muscle cocontraction activities as well as optimization (OPT) approaches (Bean et
al., 1988; Buchanan and Shreeve, 1996; Crowninshield and Brand, 1981; Dul et al,,
1984; Hajihosseinali et al., 2014; Stokes and Gardner-Morse, 2001) by achieving
the constraints of perfect joint moment equilibrium during dynamic activities.

However, collection and processing data numerically is complicated (Cholewicki et
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al., 1995). The delicate balance between the extents to which conceptual elements
and physiological details are excluded or included depends on choosing the
possible and easiest model to use that can enable maximal insight into the
identified phenomenon required for explanation (Wagner et al., 2012). A refined
EMGAO (REMGAO) approach based on an anchored template (a fundamental
model with built-in conceptual elements of the identified phenomenon) that caters
for the least possible number of variables and parameters (Full and Koditschek,
1999) is worthy of development to enhance the efficacy of data collection and
processing.

Trunk muscle force and lumbar joint loading predicted by using EMGAO
approaches vary substantially depending on the magnitude of correction factors
(muscle gains) introduced in the optimization process (Mohammadi et al,, 2015).
The boundary conditions of muscle gains restrict the effects of optimization and
hinder the flexibility of adjustment for muscle force estimation because a less
accurately externally measured resultant joint moment yields a smaller range of
boundary conditions to be used to estimate the target joint load (Zheng et al,
1998). The boundary condition settings for the anchored template of the REMGAO
approach are vital for estimating muscle force and joint load with degrees of
accuracy comparable to those of alternative EMGAO approaches. Essentially, the
REMGAO approach was developed to introduce an optimal parametric gain to
constrain the boundary conditions of individual muscle forces needed to
counterbalance the net moment induced at the lumbar joint.

This part of the study developed a computationally efficient and minimally
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simple REMGAO approach under the optimal boundary conditions and with the
least possible number of variables and parameters for predicting the lumbar joint
loading during walking with backpack carriage. The hypothesis of this part of the
study was that a predictive model could be identified and adopted to determine the
convergence of optimal parametric gains within a range of boundary condition for

REMGAO approach along a continuous backpack-loading spectrum.

5.2 Methods

521 Input data

Anthropometric, kinematic, kinetic, and EMG data collected by the experiment
illustrated in Chapter 4 to evaluate the effects of backpack load on trunk muscle
activation and lumbosacral joint loading in 10 healthy male adults (refer to Table
4.1 in Chapter 4) during walking were used as input data in this part of the study.
Briefly, the participants walked barefoot at their preferred speeds along a walkway
embedded with three force platforms carrying no-load (0% BW) and different
backpack loads at 5%, 10%, 15%, and 20% BW. Each participant conducted three
successful trials (three consecutive clean strikes on the force platforms) for each
loading condition. Lower body movements, ground reaction forces, and trunk
muscle activity were acquired at sampling rates of 100, 2000, and 2000 Hz,
respectively, by using a synchronized system with eight-camera motion analysis
(Qualisys, Gothenburg, Sweden), a force platform (Model 4060-10, Bertec

Corporation, Columbus, OH, USA), and wireless surface EMG system (Trigno,
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Delsys Inc., Boston, MA, USA). Raw kinematic, kinetic, and EMG data were filtered.
The lumbosacral compression force profile of each identified gait cycle (between
two consecutive instances of left heel contacts) during each successful walking trial
was estimated using an integrated computation program formulated with a lower
body inverse dynamic algorithm (Plamondon et al, 1996), upper body trunk
musculoskeletal architecture (Cholewicki et al., 1995; Gagnon et al,, 2001; McGill
and Norman, 1986), and EMGAO biomechanical model (Cholewicki et al., 1994;
Gagnon et al., 2001). Each force profile was time normalized to 101 points. In total,
150 force profiles (10 participants X 5 loading conditions X 3 trials) were obtained

for data analysis.

522 EMCG-assisted optimization approach

An EMG-assisted optimization (EMGAO) approach (Table 5.1a) was used as
the baseline biomechanical model to estimate the lumbosacral joint compression
force. Initial muscle force was predicted based on a nonlinear force-EMG
relationship with one predictive variable (EMG) and three parameters, namely
EMG at maximal voluntary contraction (EMGyyc), muscle cross-sectional area (A),
and maximum muscle intensity (o,,x)- Passive muscle force was ignored because
of its low magnitude in upright stance posture (Cholewicki et al, 1995). The
smallest possible muscle gain, g; (i = 1,2, ..., m), which adjusts the initial muscle
force prediction to perfectly counterbalance the moment generated in the lumbar
spine, was figured out using an EMGAO model (Cholewicki and McGill, 1994), with

the exception that to ensure adequate prior EMG-based muscle force estimates, the
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lower g; bounds were fixed at 0.5 (instead of 0) for all trunk muscles (Gagnon et
al.,, 2001). When g = 1, no adjustment of the initial estimated muscle force was

required.

523 Refined EMG-assisted optimization approach

A refined EMG-assisted optimization (REMGAOQO) approach (Table 5.1b) was
developed based on the refinements of the aforementioned EMGAO approach.
Muscle force was predicted based on one parameter (EMGwmvc) and one predictive
variable (EMG) by integrating the maximum muscle intensity and cross-sectional
muscle area into parameterized muscle gain, k, thereby formulating a least possible
parametric linear muscle force and EMG relationship. The cost function was
established to obtain the least possible parameterized muscle gain adjustments.
The parametric muscle variable, k; (i = 1,2, ..., m), was derived as the product of
parametric gain, cross-sectional muscle area, and maximum muscle intensity
(CAjOmax )- When k; = Aj04r, no adjustment was needed. The optimal
parametric gain was figured out in a range of settings of C as the optimal boundary
condition (K; > CqptimalAiOmax) for the REMGAO approach that predicted a

comparable lumbar joint force than did the EMGAO approach.
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Table 5.1 Formulations of (a) EMGAO and (b) REMGAO approaches. F; , M; ,
A; , EMG; , EMGwmyc, , 8 , and k; represent the predicted force, predicted
moment, physiological cross-sectional area, EMG amplitude, EMGwmvc, gain (for
EMGAO), and parameterized gain (for REMGAO) of muscle i, respectively. ¥; and
U; are the moment arm vector and line of action unit vector of muscle i,
respectively. 0y,¢ is the maximum muscle intensity. Coptimal is the optimal
parametric gain of the REMGAO approach. %, y, and z are right-handed orthogonal
anatomical axes in posterior-anterior, inferior-superior, and medial-lateral
directions. M;y , M;y , and M;, are internally predicted moments generated by
muscle i onthe x,y, and z axes, respectively. Mg, , Mey ,and Mg, are externally
measured joint moments on the x, y, and z axes, respectively. n is the number of
muscles adopted in the optimization process.

(a) EMGAO (b) REMGAO
1
EMG; \I3 EMG;

i .. F; = giAiOmax | =——— Fi =k EMGor
Predicted muscle force and joint EMGve, EMGyc,
moment F =,

M; =% x F;
m m
2 ki
> M1 —g) DM -
‘ c AiGmax
Cost function i=1 i=1

Optimization

m m
i-1 i=1
m m
model Constraint Z giMiy =M., Z
i-1 i=1
m m

k;
giMi, =M, ( )M =M
L 1 1.Z e.z L Alo_max 1.Z e.z
Bounda
Condjtiorrj: g =05 k; = Coptimal AiOrax
Nonnegativity =0
Index i=1,2,...m
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524 Optimal parametric gain

A computational algorithm was developed to identify the optimal parametric
gain, Coypiimal, along the continuous loading spectrum between 0% and 20% BW
(Figure 5.1). (I) Anthropometric and filtered kinematic, kinetic, and EMG data of
each participant P (1,2, ...,n) and trial T (1,2,3) for each loading condition L
(0%, 5%, 10%, 15%, and 20% BW) were retrieved from the experimental dataset.
The lumbosacral joint compression force profile within an identified gait cycle in
each walking trial was predicted and time-normalized in the discrete data point D
(1, 2, ..., 101) through the REMGAO approach with parametric gain C set at 0.5,
0.6, ... 1.5 (Zheng et al,, 1998) for each loading condition. (II) Under each loading
condition and parametric gain setting, the root mean square difference (RMSD)
between the force profiles predicted by the EMGAO and REMGAO models were
computed (equation (1)) and its regression (RRMSD) with respect to the
parametric gain setting was identified (equation (2)). (III) The minimum RRMSD
for each loading condition was set as the target level. A Chebyshev variant goal
programming model (Li and Chow, 2016) was used to figure out the optimal

parametric gain along the continuous loading spectrum.

101

n
1 REMGAO — EMGAO 2
RMSD¢ | = Z Z ( L.P.T.D L.P.T.D) (1)

303n P=1T=1D=1 EMGAOLp.1p

where C =0.5,0.6,... ,1.5 and L=0,5,10, 15,20

RRMSD;, = f..(C) where 0.5 <C<1.5 and L=0,5,10,15,20. (2)
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4 N

(D) Compute compression force profile (CFP) of an identified gait cycle

 Retrieve anthropometric as well as filtered kinematic, kinetic and EMG data
e Participant, P=1, 2, ..., n
e Backpackload, L=0, 5, 10, 15, 20 % BW
e Trial, T=1, 2,3
e Apply inverse dynamic, musculoskeletal and REMGAO models
e Parametric gain setting, C = 0.5, 0.6, ..., or 1.5
e Time-normalize each CFP into 101 points
e Output
¢ 15n CFPs for each C

- /

(II) Calculate root mean square difference (RMSD) between the CFPs predicted
by REMGAO and EMGAQ models
e Pool 3n CFPs for each C under each L
e Calculate RMSD for each C under each L (refer to equation (1) in the text)
e Fitregression to 11 RMSDs for each L. (refer to equation (2) in the text)
e Qutput
5 regressions for predicting RMSD by C in the range between 0.5 and 1.5.

J

4 N
(III) Caculate optimal parametric gain for current data set

e Set minimum RMSD for each regression as target levels
e Apply Chebyshev variant goal programming model
e Found C with minimum deviations from the 5 target levels
e Qutput
e The optimal parametric gain, C, ) for L between 0 and 20% BW

- J

Figure 5.1 Computational algorithm for determining the optimal parametric
gain of the REMGAO approach.
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525 Sensitivity analysis

Leave-one-out cross-validation and balanced bootstrap resampling algorithms
were adopted to investigate the validity and reliability of the optimal parametric
gain determined based on the experimental dataset in this part of the study (Table
5.2). (a) Predictive or adjusted optimal parametric gain was estimated using a
leave-one-out cross-validation method (Kim et al., 2012). The 10 datasets were
resampled into 10 matched dataset pairs, each consisting of one of the ten datasets
selected as a testing set and a training set composed of the other nine. Optimal
parametric gains were determined for each testing and training set. The predictive
optimal parametric gain was identified by the training set that deviated least from
the corresponding testing set. (b) The confidence interval of the optimal
parametric gain was estimated using a balanced bootstrap resampling method
(Hung et al,, 2011). Datasets of 3n (n = number of participants) force profiles for
each loading condition were duplicated into 3n samples yielding a total of 9n?
samples. Subsequently, 3n samples were randomly chosen from the 9n2 samples
and the total 3n resampled dataset with 3n force profiles was obtained. For each
resampled dataset, the optimal parametric gain was determined. The bootstrap
resampling distribution was developed based on the 3n optimal parametric gains.
The confidence interval of the optimal parametric gain was determined using this

distribution.
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526 Data reduction and statistical analysis

The number of muscles (m) and participants (n) and were set as 12 and 10,
respectively. All data filtering, computation, and optimization processes were
implemented using MATLAB 2016b software (MathWorks, Inc., Natick, MA, USA).
Chebyshev variant goal programming problems were solved using LINGO 10.0
software (Lindo Systems Inc., Chicago, IL, USA). Statistical analyses and the
comparability of the REMGAO approach under the optimal boundary condition for
predicting lumbosacral compression force while walking with a backpack carriage
were compared using the EMGAO approach (Cholewicki and McGill, 1994; Gagnon
et al,, 2001) and two fundamental approaches: double linear optimization (DLOPT;
Bean et al,, 1988; Gagnon et al., 2001) and single linear optimization (SLOPT; Bean
et al, 1988) (Table 5.3). SLOPT is a fundamental template with no boundary
constraints for individual muscle intensity, DLOPT is a template anchored in
physiological constraint of a least possible intensity boundary for all muscles. Two
complete sets of compression force profiles and RMSDs were also computed by the
two approaches. Mean deviations of peak compression forces predicted by the
REMGAO, DLOPT and SLOPT from EMGAO approaches were figured out. Repeated
measure ANOVA with backpack load as within-subject factor was adopted to
analyze the effect of backpack load on the mean deviations, one-sample t-test was
adopted to analyze the deviations from zero, Shapiro-Wilk test was used to justify
the assumption of normality for the data sets of deviations and optimal parametric
gains of the bootstrap resamples (SPSS version 24.0, IBM Inc., Chicago, IL, USA).

Statistical significance was set at p<0.05.
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Table 5.3  Formulation of (a) DLOPT and (b) SLOPT approaches. F; , M; , and
A; represent the force, moment, and physiological cross-sectional area of muscle i,
respectively. ¥; and U; are the moment arm vector and line of action unit vector
of muscle i, respectively. 0,,,x is the maximum muscle intensity. G is the
subject-invariant gain in the first DLOPT process and G* is the optimized gain
setting for the upper bound of the muscle force in the second process. X, y, and z are
right-handed orthogonal anatomical axes in posterior-anterior, inferior-superior,

and medial-lateral directions. M;, , M and M;, are internally predicted

Ly »
moments generated by muscle i on the x, y, and z axes, respectively. Mgy, My,

and Mg ,are externally measured joint moments on the x, y, and z axes, respectively.

n is the number of muscles adopted in the optimization process.

(a) DLOPT (b) SLOPT
m
Cost function G Z F;
i=1
Fi=Fd, , M=fxF
oL Constraint
optimization z M x =Meyx ,Z My = Me.y,z M;, =M.,
process i=1 i=1 i=1
Boundary
G=> Jfori=1.2,...,m -
condition AiOmax
Nonnegativity F;=0 ,fori=1.2,..,m
m
Cost function Z Fi
i=1
Second _ m oo o
L Constraint
optimization z My =May z My =M.y, z M;, =M., -
process i=1 i=1 i=1
Boundary Fi =2 G*A{Opax, for i=1,2,...,m
condition (G* is the solution of the first optimization)
Nonnegativity F;=>0 ,fori=1.2,..,m
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5.3 Results

5.3.1 Root mean square difterence

The RMSD for each backpack load for the REMGAO, DLOPT, and SLOPT
approaches and each parametric gain setting for the REMGAO approach were
determined based on the experimental dataset (Table 5.4a). The mean RMSDs
were within the ranges 5.8%-13.7%, 15.4%-17.7%, and 24.5%-27.1% for the
REMGAO, DLOPT, and SLOPT approaches, respectively.

The RMSD regressions for each backpack were determined based on a second
order polynomial model (Table 5.4b). The R? values for the five RMSD regressions
were all greater than 0.98. The RMSDs converged to minima between 6.0 and 7.1 at

parametric gain settings between 0.93 and 1.03.

532 Optimal parametric gain

The Chebyshev variant goal programming model was developed based on the
five RMSD regressions and the target levels for minimum RMSD of 7.1, 6.0, 6.2, 6.4,
and 6.3 for the backpack loads of 0%, 5%, 10%, 15%, and 20% BW, respectively

(Table 5.4c). The optimal boundary condition (Coptimal) Was determined as 0.980.
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The predictive optimal parametric gain (Cpredictive.optimal) Was determined as
0.979 based on the leave-one-out cross-validation algorithm (Table 5.5). The
optimal parametric gains of the 10 predicting training sets ranged between 0.974
and 1.019. The optimal predicting training set value of 0.979 underestimated the

corresponding predicted testing set value of 0.995 by 1.6%.

Table 5.5 Determination of predictive Coptimai by leave-one-out cross-

validation algorithm

Test set Coptimal Training set Coptimal Deviation (%)

Participant All participants -10.7
1 1.086 except 1 0.979 -10.7
2 0.796 except 2 0.983 18.7
3 0.875 except 3 0.990 11.5
4 1.220 except 4 0.974 -24.6
5 1.114 except 5 0.982 -13.1
6 0.995 except 6 0.979* -1.6"
7 0.780 except 7 0.979 19.8
8 0.876 except 8 1.019 14.3
9 0.929 except 9 0.998 6.9
10 0.832 except 10 0.981 14.9

*  Predictive optimal parametric gain

N Least deviations between test and training sets
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The 95% confidence interval of the optimal parametric gain
(Cconfidence_intervaloptimal) Was determined as (0.965, 0.985) based on the
balanced bootstrap resampling algorithm (Table 5.6). The optimal parametric
gains of the 30 bootstrap resampled datasets ranged between 0.937 and 1.035
with a mean of 0.975 and standard deviations of 0.0262. The optimal parametric
gain resampled data normality was validated using the Shapiro-Wilk test (p =

0.981).

Table 5.6 Determination of confidence interval of Cgptimar by balanced

bootstrap resampling algorithm

Resampling set Coptimal
1,2,3,4,5,6 0.940, 0.981, 1.008, 0.989, 0.991, 0.990
7,8,9,10,11,12 0.945, 0.992, 0.954, 1.035, 0.954, 0.971
13,14, 15,16,17, 18 0.975, 1.007, 0.978, 0.986, 0.962, 0.942
19, 20, 21, 22, 23, 24 1.018, 0.972,0.970, 1.000, 0.954, 0.975
25, 26. 27, 28, 29, 30 0.925, 1.035, 0.971, 0.957, 0.967, 0.937

Overall mean = 0.975, SD = 0.0262, 95% confidence interval (0.965, 0.985)
Shapiro-Wilk normality test: p = 0.981
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533 Statistical evidence

The peak compression force deviations of REMGAO, DLOPT, and SLOPT
approaches from EMGAO approach were figured out for each force profile
(Appendix 5.1). No significant backpack load effects on the mean peak
compression force deviations (from EMGAO approaches) were observed for the
REMGAO, DLOPT, or SLOPT approaches (p = 0.486, 0.618, and 0.371, respectively).
On average, no significant difference (mean = —0.1%; standard error of the mean
(SEM) = 0.3%; p = 0.862) was observed between the predictions of peak
compression force calculated using the EMGAO and REMGAO approaches; however,
the DLOPT and SLOPT predictions significantly underestimated (p < 0.001) the
peak compression force by an averages of 5.1% (SEM = 0.7%) and 19.2% (SEM =
0.5%), respectively (Table 5.7a). The normality assumptions of peak compression
force deviations for the three approaches were validated using the Shapiro-Wilk
test (p = 0.275, 0.320, and 0.471, for the REMGAO, DLOPT, and SLOPT approaches,
respectively).

The overall peak compression force RMSDs of REMGAO, DLOPT, and SLOPT
were determined as 4.2%, 9.9%, and 20.3%, respectively, and the overall
compression force profile RMSDs were determined as 6.2%, 16.3%, and 25.6%,
respectively (Table 5.7b). The REMGAO approach predicted a peak compression
force and compression force profile with the lowest RMSDs compared with the

EMGAO approach.
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5.4 Discussion

54.1 Computation framework

In this part of the study, a REMGAO approach was developed with the least
possible number of variables and parameters for predicting the lumbar joint
loading while walking with a backpack with a loaded backpack up to a maximum of
20% BW. The novelty of the REMGAO approach lay in the introduction of an
optimal parametric gain constraining the boundary condition of the individual
muscle forces demanded to counterbalance the net moment induced at the lumbar
joint. Compared with the EMGAO approaches developed in previous studies, the
REMGAO approach is a numerically efficient and simple computation framework.

The complexity of the EMGAO approaches originated from the formulation of
the EMG-force relationship. The most sophisticated EMGAO approach caters for an
EMG-force relationship with the following four time-dependent variables:
correction gain facto, EMG amplitude, and force length- and force
velocity-modulated factors. In addition, the following three time-invariant
parameters were also included: EMG amplitude at MVC, physiological muscle
cross-sectional area, and maximum muscle intensity (Gagnon et al, 2001;
Mohammadi et al, 2015). Alternativelyy, EMGAO approach could adopt a
subject-invariant five-parameter formulation with the following five muscle
parameters: the minimizer of moment prediction errors, minimizer of the moment
phase shift, stresses for flexors, stresses for extensors, and linear relationship of

force-normalized EMG (Nussbaum and Chaffin, 1998). The complexity of
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considering surplus variables and parameters might not improve the prediction
accuracy; for example, the force velocity factor showed no significant predictability
under moderate speeds (Nussbaum et al.,, 1999) and only slight corrections were
required (Granata and Marras, 1995b; McGill and Norman, 1986). The REMGAO
approach simplifies the EMGAO approach by allowing two variables (modulated
parametric gain factor and EMG amplitude) and one parameter (EMG amplitude at
MVC) in the optimization process by constraining the boundary conditions with

the optimal parametric gains.

542 EMG-force relationship

The REMGAO approach applies a linear EMG-force relationship to facilitate
simplify formulation of the computation process. The EMG-force relationship is the
fundamental physiological building block of the EMG-based biomechanical model
for predicting lumbar joint loading and trunk muscle force (Marras and Granata,
1997). The observation of a nonlinear or linear EMG-force relationship depends on
the different recruitment maneuvers of the abdominal and back muscles during
trunk extension and flexion activities (Anders et al., 2008). In contrast to the
nonlinear EMG-force relationship-based EMGAO approach (Cholewicki et al., 1995)
and the linear EMG-force relationship-based EMGA approach (McGill and Norman,
1986), which predicted similar compression forces at the lumbar joint, nonlinear
EMG-force relationship-based EMGAO approach and the linear EMG-force
relationship-based REMGAO approach in this part of the study predicted no

significant differences in the mean peak lumbosacral compression force. The linear
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EMG-force relationship adopted by the REMGAO approach was thereby justified.

543 Unbiased estimation

The unbiasedness, consistency, and efficiency of the mean peak lumbosacral
compression force predicted by the REMGAO approach met the standard
requirements of a good estimator (Steiger, 2000) of the mean estimated using the
EMGAO approach. The standard error of the mean deviations for the REMGAO,
DLOPT, and SLOPT approaches were quite small (lower than 1%), but only the
mean predicted by the REMGAO approach was not significantly different from that
predicted by the EMGAO approach. Moreover, the deviation of the REMGAO
approach was assumed to be normally distributed with a mean of approximately 0.
The mean predicted by the REMGAO approach was unbiased, consistent, and
efficient, and thus serves as a good estimator for the mean predicted by the EMGAO
approach. Cholewicki et al. (1995) validated that the EMGAO approach predicted
insignificant and minimal differences in the lumbar joint (L4-L5) compression
force compared with the EMGA approach (McGill and Norman, 1986). In addition,
the mean peak lumbosacral compression force predicted by the REMGAO approach

may be a good estimator of the peak force predicted by the EMGA approach.
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5.4.4 Validity and reliability

The setting of the parametric muscle gain between 0.5 and 1.5 was based on a
previous study on developing biomechanical model in knee joint loads (Zheng et al.,
1998) and validated by the convergence of optimal parametric gain by this part of
the study.

The 95% confidence interval (0.965, 0.985) of the bootstrap resampling
distribution covered both the predictive optimal parametric gain (0.979) and the
optimal parametric gain (0.980) determined by the leave-one-out algorithm and
from the experimental data and, respectively. The confidence interval of the
optimal boundary condition developed using the balanced bootstrap resampling
distribution is a reliable range covering the optimal boundary condition setting;
however, it should not be used to validate the condition for individual participants,
but rather to develop sensitivity and predictive analyses (Lenhoff et al., 1999;
Mikshowsky et al., 2017) for overall estimation in future experimental studies
estimating lumbosacral compression force profiles while walking with a loaded
backpack up to a maximum of 20% BW. The predictive optimal parametric gain of
0.979 ensured that the lower force boundary allocated to individual muscles was
larger than 0.979 times the product of cross-sectional muscle area, maximum
muscle intensity, and normalized EMG. A previous study using the EMGA approach
reported that the average muscle gain was between 0.940 and 1.354 during
dynamic and static extension and flexion exercises (Marras and Granata, 1997).
The optimal boundary condition of muscle force in the REMGAO approach is an

appropriate lower boundary condition for walking with a backpack carriage.
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The REMGAO approach is an anchored template that predicts an unbiased
peak lumbosacral compression force for walking with a backpack carriage. The
effect of neglecting antagonistic cocontraction on the lumbar spine load was minor
at the lumbosacral level (Van Dieen and Kingma, 2005) and much lower
compression forces (23%-43%) were detected at levels L4-L5 (Cholewicki et al,,
1995) compared with the optimization- and EMG-based approaches. The
prediction errors depended on the nature of the tasks conducted and constraints
introduced in the optimization process. The DLOPT and SLOPT approaches in this
study underestimated the peak compression forces by 5.1% and 19.2%,
respectively, possibly indicating the error range predicted by the

optimization-based approach for walking with a backpack carriage.

54.5 Limitations

The predictive optimal parametric gain of 0.979 was based on the refinement
of an EMGAO approach and a computation algorithm specifically for walking under
various load conditions between no load and a loaded backpack up to 20% BW. In
addition, the comparability of the REMGAO approach was justified by the
prediction of compression force in the lumbosacral joint. The generalization of the
REMGAO approach to other human locomotion and joints in the upper spine level

and lower limb is needed for further studies.
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5.5 Summary

The REMGAO approach was developed based on the converged optimal
parametric gain and is simple in nature, efficient in computation, and unbiased in
predicting the lumbosacral compression force of walking with a loaded backpack
between 0% and 20% BW. The generalization of the REMGAO approach could be
used in biomechanical modeling to estimate the mechanical loads of various

human joints during dynamic motions.
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CHAPTER 6*

Effects of asymmetric loading on lateral spinal
curvature in young adults with scoliosis:

A preliminary study

* This chapter has been accepted for publication by the author of this thesis.

Li, S. S. W,, & Chow, D. H. K. (2018). Effects of asymmetric loading on lateral

spinal curvature in young adults with scoliosis: A preliminary study.

Prosthetics and Orthotics International. (In press).

Usual guideline recommends symmetric over asymmetric load carriage. Whether
this recommendation is valid for subjects with asymmetric body alignment, such as
those with scoliosis, remains unclear. The nature of scoliosis is subject-dependent
and time-variant. Interventions are generally employed to prevent the abnormal
spinal curvature from progressing. This part of the study aimed at investigating the
effects of an asymmetric load carriage on lateral spinal deformity in subject with
scoliosis. Photogrammetry was adopted to measure the scoliotic curvature changes
in thoracic and lumbar regions in upright stance posture with no-load and a
single-strap cross-chest bag loaded up to 12.5% of body weight. A multi-objective
goal programming approach was developed for determining the optimal

configuration of asymmetric load carriage for patients with scoliosis.
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6.1 Background

Scoliosis is a 3-dimensional deformity of the spine (Weinstein et al., 2008). It
is classified as idiopathic, neuromuscular, or congenital, and attains its progressive
growth spurt during adolescence (Hresko, 2013). Around 2%-4% of adolescents
are suffered from idiopathic scoliosis (Carrier et al., 2004; Nie et al., 2008; Wang et
al, 2014). A screening reported that the prevalence of adolescent idiopathic
scoliosis (AIS) was 2.5% in population group aged less than 19 (Luk et al., 2010).
Various long-term impacts of spinal deformity have been validated, including
scoliotic curve progression during the adolescent growth spurt (Shi et al.,,2011),
psychological conditions (Mayo et al., 1994; Sahlstrand et al., 1978; Weinstein et al.,
2003), motor control impairment (Byl et al.,, 1997; Mayo et al., 1994; Nault et at,,
2002; Sahlstrand et al.,, 1978), higher prevalence of back pain (Weinstein et al,,
2003), and poorer pulmonary function (Boyer et al., 1996; Muirhead and Conner,
1985). The complex mechanism and unknown aetiology of scoliotic spine growth
render preventive treatments and prognostic difficult (Stokes, 2007).

The nature of AIS is subject-dependent and time-variant. Intervention
management is commonly applied to prevent the abnormal spinal curvature from
progression. Severe AIS (Cobb angle > 459%) demand surgical operations, moderate
AIS (25° < Cobb angle < 459) are managed by bracing together with physiotherapy,
and mild AIS (Cobb angle < 259) are prescribed with physiotherapeutic exercises

or observation only (Hresko, 2013; Weinstein et al., 2008).
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In order to prevent the atypical spinal curvature from progressing,
asymmetric exercises have been suggested for patients with scoliosis. Durmala et
al. (2003) evaluated the impacts of asymmetric mobilisation on the angle of axial
rotation and Cobb angle in 136 patients. After a year of training, results showed a
16%-23% improvement in axial rotation and a 31%-39% reduction in the Cobb
angle. Mooney and Brigham (2003) and Mooney et al. (2000) investigated torso
rotational strength revealing that the muscle strength of the convex side was
stronger than that of the concave. According to the strength test findings, they
prescribe the weaker muscles for asymmetric rotational exercise, which reduced
the muscle imbalance of all patients with mild scoliosis after 4 months. Except in
one case with increased curvature, all spinal curves were remained either
unchanged or alleviated by an average of 20%. Numerous studies have evaluated
the effectiveness of asymmetric exercises and side-shift in alleviating the scoliotic
curve progression rate (Fusco et al,, 2011; Mamyama et al.,, 2001; Maruyama et al,,
2003; Mooney and Brigham, 2003; Mooney et al., 2000; Negrini et al., 2012;
Negrini and Negrini, 2007; Pascoe et al., 1997) and have confirmed the efficacy of
bracing in improving balance and mobility (Fusco et al, 2011). Despite of this
positive evidence, compliance with the prescribed training protocol is vital to
achieve effective outcomes. However, it is impractical to expect patients with
scoliosis to comply with self-administered exercises at home or attend therapy

sessions 2-3 times per week.
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Common guideline suggests symmetric over asymmetric load carriage.
Whether this suggestion is valid for subjects with asymmetric body alignment,
such as patients with scoliosis, remains unclear. When patients with scoliosis carry
regular symmetric load, such as a backpack, “asymmetric” stresses are generated
on their intervertebral endplates, which may induce further asymmetric spine
growth and create a vicious cycle of scoliotic spinal progression (Fok et al., 2010).
As spine growth was related to applied stress (Den Boer, et al., 1999; Motmans et
al., 2006), the prescription of properly controlled asymmetric loads at either side
of the body is proposed in this part of the study for postural rectification in
patients with scoliosis. The aim was to evaluate the loading configuration (weight
and position) of asymmetric load carriage under the hypothesis that properly
controlled asymmetric load carriage alleviates the Cobb angle of the affected region
of the scoliotic spine. The target corrective measures of both unaffected and
affected regions under asymmetric load carriage were treated as a multi-objective
problem. The biomechanical effects of asymmetric load carriage of various weights
on spinal curvature were evaluated experimentally in AIS patients. This part of the
study hypothesised that an appropriate multi-objective goal programming
approach could be identified and used to determining the optimal curvature
changes in both the unaffected and affected regions of the scoliotic spine under

properly controlled asymmetric load carriage up to 12.5% of body weight (BW).
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6.2 Methods

6.2.1

Seven young adults with mild scoliosis were recruited for this part of the study
(Table 6.1). All patients with mild scoliosis had a minor lumbar curve and a major
thoracic curve (S-curve). Three of them had a right major curve and the others had
a left major curve; the mean Cobb angle was 17.4° (SD=3.6°). Patients with
scoliosis, who had received bracing, surgical, or any other clinical treatments for
scoliosis, as well as those with a history of other musculoskeletal illnesses, were
excluded from this part of the study. The Human Research Ethics Committee

granted ethical approval and all participants provided written informed consent

Participants

prior to experimentation.

Table 6.1  Demographics and Cobb angle measurements of the 7 participants.
Apex
location | Upper Lower Cobb A Body
Participant | Gender | of major end end angle 8¢ weight
scoliotic | vertebra | vertebra | (degree) (year) (kg)
S-curve
1 F Right T4 T10 22.2 21 42.5
2 F Right T5 T12 21.9 21 46.3
3 F Right T2 T9 17.2 22 50.0
4 M Left T3 T11 14.3 20 56.1
5 M Left T2 T10 15.9 22 55.2
6 F Left T4 T11 12.6 19 47.1
7 F Left T4 T10 17.4 16 42.3
Mean (SD) 17.4 20.1 | 485
SD 3.6 2.1 5.6
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6.2.2 Procedures

The participants were instructed to maintain a relaxed, erect, and barefoot
standing posture with the arms hanging freely at both sides, a gaze fixed on a
target placed 2 m ahead at eye level, and the feet at a 30° angle between their long
axes with the heels 14 cm apart (Chow et al.,, 2005a, 2007; Sahlstrand et al., 1978).
The participants were asked to carry a single-strap cross-chest shoulder bag
weighing 2.5%, 5%, 7.5%, 10%, and 12.5% of their BW at the contralateral and
ipsilateral sides relative to the apex of their major scoliotic curve (Chow et al,,
2006b). The centre of gravity of the bag was positioned at the anterior superior
iliac spine level and on the coronal plane. The spinous processes of the participants
were palpated between C7 and L5, and identified externally along the whole spine
using circular markers (Aroeira et al, 2011). Digital anterior-posterior photos
were taken to record the respective positions of the markers on the spinous

processes for each experimental trial (Figure 6.1).

Figure 6.1  Digital anterior-posterior photo of participant 7 with the single-strap
cross-chest bag placed on the contralateral side relative to the apex location and
loaded at 5% of body weight. Circular markers were affixed to the spinous

processes along the spine between C7 and L5.
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Although radiographic images and ultrasound method would have
demonstrated higher and comparable accuracy, respectively in evaluating the
spinal curvatures, digital photos were adopted to avoid radiation and blocking by
the strap of the bag across the back. The participants rested for 2-5 minutes
between consecutive experimental trials.

For participants 1-6, one trial for the no-load and each loaded condition were
conducted at the contralateral and ipsilateral sides relative to the apex. The
sequence of the 11 static trials was randomized. The data recorded were used for
evaluating the effective side of asymmetric loading for mild scoliosis patients,
which features optimal reduction in the major curve.

For participant 7, three trials for the no-load and each loaded condition were
conducted on the effective side determined by the results of participants 1-6. The
sequence of the 18 static capturing trials was randomized. The data recorded were
used for evaluating the optimal asymmetric loading condition for patients with AIS,
featuring minimal negative effects on the minor lumbar curve and optimal

reduction in the major thoracic curve.

6.2.3 Data analysis

Image processing techniques was implemented to analyse the digital photos
taken for all 7 participants. The centroids of 18 circular markers (from C7 to L5)
were determined as the spinous processes. A continuous spline curve was then
fitted to the 18 points. The positions of the apexes and the respective lower and

upper scoliotic end plates were identified. Then, the minor lumbar Cobb angle and
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the major thoracic Cobb angle were determined.

The major scoliotic curvatures determined for participants 1-6 under different
asymmetric loading conditions were evaluated by using repeated measure ANOVA,
with asymmetric load on the contralateral and ipsilateral sides as a within-subjects
factor, was used to evaluate the means of the major thoracic Cobb angles. The
minor lumbar Cobb angle and major thoracic Cobb angle determined for
participant 7 under various asymmetric loading conditions were evaluated using
One-way ANOVA to test the effect of asymmetric load on the minor and major Cobb
angles. Statistical power and level of significance were set at 0.8 and p=0.05,
respectively. Post hoc pairwise comparisons were based on least squares
significant difference (LSD) criterion.

Different trend lines of the mean spinal curvatures were fitted to the data with
respect to the loading conditions. Regression models of the lumbar Cobb angle
(LCA) and thoracic Cobb angle (TCA) under loading conditions (L, % of BW) were
obtained as below:

TCA = frca(L) and LCA = fica(L), where L = 2.5, 5, 7.5, 10, 12.5

6.2.4 Lexicographic goal programming approach

In the context of programming, a goal is defined as the criterion, target, or
desired level. A decision analysis in more than one goal is classified as a
multi-criterion decision analysis problem. Classical optimization approach solves
problems by finding an optimal solution for a unique objective. The lexicographic

goal programming (LGP) approach (Ghandforoush, 1993; Li and Chow, 2016) was
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adopted to determine an optimal solution for various prioritized target levels.
Lexicographic goal programming formulates the desire corrective measures of both
minor and major curves according to the spinal curvatures of the individual curves.
The spinal curvatures were expressed and prioritized as general linear regressions
of the configuration parameters of asymmetric physiotherapy exercises. In this
part of the study, the lexicographic goal programming model was applied to
achieve the prioritized goals individually. The solution of the lexicographic goal
programming approach was the optimal configuration parameter of the
asymmetric physiotherapy exercise with minimal effects on the minor curve and
maximal correction at the major curve of the scoliotic spine. The output of the

optimal load was determined through the following sequential optimization

. L. + 1st + 2nd
processes:  Minimize (D ..) ,(D )

subjectto  frea(L) +D ., - D+TCA =TTCA
fica(L) + D ,-D' = TLCA
25<L<125
- + - g
D TCA D TCA D Lca’ D LCA — 0

+ +

D TCA: (D TCA)

[for the second LGP only, (D" .,)* is the solution of the first LGP], where

D-TC j,represented the negative deviational variable for the TCA,
+

D .. represented the positive deviational variable for the TCA,

D-LC ,represented the negative deviational variable for the LCA,
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+
D | ., represented the positive deviational variable for the LCA,

TTCA represented the target (mean of loaded conditions) TCA, and
TLCA represented the target (mean of loaded conditions) LCA.
TCA = Thoracic Cobb Angle, LCA = Lumbar Cobb Angle

Statistical tests, image processing, and LGP problems were implemented using
SPSS 21.0 (IBM Inc., Chicago, IL, USA), MATLAB 2013b (The MathWorks Inc.,
Natick, Massachusetts, USA), and LINGO 10.0 (Lindo System Inc., Chicago, IL, USA)

software, respectively.

6.3 Results

The spinal curvatures were measured using photogrammetry with no load
and the bag loaded on the contralateral and ipsilateral sides relative to apex
location for participants 1-6 and effective side (contralateral side relative to the

apex location) for participant 7 (Appendix 6.1).

6.3.1 Loading on either side of the apex location

The spinal curvatures of participants 1-6 were evaluated using the repeated
measure ANOVA (Table 6.2). When the load was placed on ipsilateral side relative
to the apex location, there were no significant changes (p=0.773) in the major
thoracic Cobb angles. However, placing the load on contralateral side relative to the

apex location significantly decreased (p=0.019) the major thoracic Cobb angles.
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Table 6.2  Statistical analyses of the major spinal curvatures of participants 1-6.
The measurements through photogrammetry on the contralateral and ipsilateral

sides relative to the apex under different loading weights were evaluated.

Loaded on the ipsilateral | No-load | Loaded on the contralateral
Asymmetric load side of apex location condition side of apex location
(% BW)
Pooled mean Cobb angle (degree) of the major curve
0 17.4
2.5 18.8 14.7
5 17.9 14.3
7.5 16.9 14.3
10 18.5 14.0
12.5 20.0 13.8
Repeated measure p=0.019
ANOVA P=0.773 power=0.822
2.5% BW < 0% BW
5% BW < 0% BW
Post hoc (LSD) pairwise comparison 7.5% BW < 0% BW
10% BW < 0% BW
12.5% BW < 0% BW

The mean major Cobb angle of the no-load condition (0% BW) was 17.4°.
When the single-strap cross-chest bag was loaded at 2.5%, 5%, 7.5%, 10%, and
12.5% BW and positioned on the side of hip contralateral to the apex location, the
mean major Cobb angles were 14.7°, 14.3°, 14.3°, 14.0°, and 13.8°, respectively. The
mean major Cobb angle was significantly reduced under all loaded conditions

comparing with no-load condition.

126



6.3.2 Loading on the effective side of apex location

The spinal curvatures of participant 7 were evaluated using the one-way
ANOVA (Table 6.3). Under all loaded conditions on the effective side, the major
thoracic Cobb angles were significantly reduced (p<0.001) but the minor lumbar
Cobb angle did not change significantly (p=0.413). When the single-strap
cross-chest bag was loaded at 2.5%, 5%, 7.5%, 10%, and 12.5% BW on the
contralateral side, the mean major Cobb angles were 10.4°, 8.1°, 6.6°, 8.5°, and 8.1°,
respectively. The mean major Cobb angle was significantly reduced under all
loaded conditions comparing with no-load condition. The S-type scoliotic curve
with major thoracic Cobb angle was corrected by placing the bag on the

contralateral side of the location of the apex.

Table 6.3 Mean spinal curvatures (measured by photogrammetry) under
no-load and loaded conditions on the contralateral side relative to the apex for
participant 7.

Mean Cobb Angle (degree)
Asymmetric load - - -
Minor Lumbar Curve Major Thoracic Curve
(% BW)

Mean SD Mean SD

0 7.6 1.3 17.4 0.8

2.5 8.2 0.8 10.4 2.0

5 8.5 1.0 8.1 11

7.5 8.4 1.1 6.6 1.0

10 6.8 0.6 8.5 0.9

12.5 8.3 1.6 8.1 1.7

One-way ANOVA test p=0.431 p < 0.001 (power=1.000)
2.5%, 5%, 7.5%, 10%, 12.5% BW < 0% BW
Post hoc (LSD) comparisons
7.5% BW < 2.5% BW
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A third order polynomial model was adopted to analyze the trend lines of

scatter plots of the minor lumbar Cobb angle and major thoracic Cobb angle

changes for participant 7 and evaluate the association between the spinal

curvatures (minor lumbar Cobb angle and major thoracic Cobb angle) under

various loaded conditions (Figure 6.2).

15

10

Degree

15

10

Degree

(a) Lumbar Cobb Angle (LCA)

LCA =0.0219L3 - 0.4909L?% + 3.1962L + 2.36
R%=0.8082

./—-_.\._/.
2.5 5 7.5 10 12.5 15

Load (% BW)

(b) Thoracic Cobb Angle (TCA)

TCA =-0.0165L3 + 0.4543L2 - 3.8410L + 17.54

R*=0.8672
‘\/.__'
°
2.5 5 7.5 10 12.5 15
Load (% BW)

Figure 6.2  The third order polynomial regressions of the mean angles for
participant 7 under each bag load. (a) Lumbar Cobb angle (LCA) and (b) Thoracic

Cobb angle (TCA).
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The LGP model for participant 7 was developed in accordance with the
respective cost function (minimisation of the undesired deviational variables),
constraint (formulations of the target levels), boundary (range of the decision
variables), and non-negativity condition (Table 6.4). The optimal load was

determined to be 4.1% of BW.

Table 6.4 LGP model formulated in accordance with the cost function, constraint,

boundary, and nonnegativity conditions.

Lexicographic Goal Programming (LGP)
Prioritized Goals: [1] Thoracic Cobb Angle (TCA), [2] Lumbar Cobb Angle (LCA)
1st Goal Programming (GP)

Cost Function Dica
-0.0165L° + 0.4543L° - 3.8410L + Dic, - Dy = -10.3050
Constraint
0.0219L° - 0.4909L” + 3.1962L + Dics - Dicy =  4.7680
Boundary 25<L<125
Non-negativity Dfca» DFca, Dica, Dica =0

2nd Goal Programming (GP)

Cost Function Dica
-0.0165L° + 0.4543L° - 3.8410L + Dic, - Dy = -10.3050
Constraint 3 5
0.0219L° - 0.4909L°+ 3.1962L + Dics - Dica =  4.7680

Dfc4=1.0503 [DF:,=1.0503 was the solution of 1st GP]

Boundary 25<L<125
Nonnegativity Dica, DFca, Dica, Dica =0
Solution L=4.1%BW
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6.4 Discussion

6.4.1 Spinal curvature measurements

The major thoracic Cobb angles of participants 1-6 were determined from a
recent anterior-posterior X-ray film or clinical records issued by their doctors. The
mean deviation of the spinal curvatures of participants 1-6, physically measured
through photogrammetry of the X-ray films, was 1.6° (SD=0.7°). In a previous
study applying similar photogrammetry approach, the mean deviation of the
thoracic Cobb angle was 2.9° (Aroeira et al., 2011). The photogrammetry method
used in this part of the study measured the thoracic Cobb with comparable

accuracy.

6.4.2 Side effect of loading conditions

The mean spinal curvatures of all three participants with a right thoracic
curve decreased when the load was on the left side of the hip (contralateral to the
apex location), whereas those of the four with a left thoracic curve decreased when
the load was on the right side of the hip (ipsilateral side of the apex location).
Moreover, the spinal curvatures of participants 6 and 3 decreased (on average)
when the load was on either side of the hip. However, the decreases in the spinal
curvatures were smaller when the load was on the ipsilateral side relative to the
apex location. These deviations might be due to the biomechanical effects including
non-biomechanical impacts such as the fear of interference between the

asymmetric load and the body individual variations in muscle strength activation
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in response to the application of external load (Zhang et al, 2010). When
considering all the six participants, it was beneficial to place the shoulder bag
contralateral to the apex location of the scoliotic curvature.

A previous study reported that the elevation of a single-loaded shoulder under
asymmetric carriage generated lateral deviation of the trunk shift (Negrini and
Negrini, 2007). This finding illustrated that the postural change under an
asymmetric load was quite similar to side-shift exercises. However, because no
muscle activation was evaluated in this study, further study is needed to illustrate

the effects of asymmetric loading on muscle activity.

6.4.3 Optimal loading configuration

Although maximal decrease in the affected scoliotic region might improve
coronal balance, it might also result in the compensation of sagittal alignment
(Imrie et al., 2011). The positive decrease in the affected region might have
negative impact on the unaffected regions of the spine. The R2, proportion of the
total variability of the experiment as explained by each regression model of the
current data set, of the minor lumbar Cobb angle and major thoracic Cobb angle
were 0.808 and 0.867, respectively. The two regression lines indicated moderately
strong relationships between loading condition and spinal curvature. As the load
increased, the minor lumbar Cobb angle increased from the baseline condition
until it attained the first critical load at 4.8% of BW and then reduced until it
reached the second critical load at 10.2% of BW (Figure 3.2a). By contrast, the

major thoracic Cobb angle reduced from the baseline condition until it attained the
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first critical load at 6.6% of BW and then escalated until it reached the second
critical load at 11.8% of BW (Figure 3.2b). Since the scoliotic spinal profile is
subject dependent, the current regression models may exhibit continuous
curvature changes under appropriate controlled asymmetric load carriage
between 2.5% and 12.5% BW.

Imbalance in trunk muscle activation during asymmetric load carriage may
escalate the shearing forces on the lumbar intervertebral discs and hence increase
the risk of injury to these structures. Thereby, appropriate loading should be
applied carefully to generate sufficient muscle activity for long-term spine
correction without injuring the spine. The 4.1% of BW optimal load predicted in
this study appears reasonable with decrease in the major thoracic curve by 9.1°

and increase in the minor lumbar curve by only 1.1°.

6.4.4 Limitations

This part of the study has several limitations. First, only the short-term effects
of asymmetric load carriage were investigated. Therefore, long-term effects should
be evaluated in future studies. Second, young adults were the used in the
preliminary study. Further study should be performed in children with scoliosis.
Third, all participants possessed a major thoracic curve; hence, the effects on major
scoliotic curves in other spinal regions may differ from the findings in this part of
the study. Fourth, the effect of loads on the contralateral side of the apex, to reduce

the major thoracic curve, might due to the Glenohumeral-shoulder rhythm motion.

132



6.5 Summary

A single-strap cross-chest bag provided short-term reduction of lateral
curvature in young adults with scoliosis. A subject-specific optimal loading
configuration could be determined using a multi-objective goal programming
approach. Applying a controlled asymmetric load contralateral to the apex location
of scoliosis successfully provided short-term postural correction and was a
possible pragmatic method for correcting scoliotic spinal curvature. Further study
on the long-term effects of subject-specific optimal asymmetric load carriage on

spinal curvature in patients with scoliosis was warranted.
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CHAPTER 7

Conclusion and future research

The study of this research project considered backpack and single-strap
cross-chest bag carriage as an external perturbation on the spine and investigated
the effects of symmetric backpack carriage for healthy individuals and asymmetric
single-strap cross-strap bag carriage for patients with scoliosis in static and
dynamic situations on the simultaneous changes in regional spinal curvature,
trunk muscle activation, and lumbar spine loading as well as developed a refined
biomechanical spine model for assessing lumbar spine loading using a

multi-objective analysis approach.

7.1 Key findings and significant contributions

Symmetric load carriage

By assessing the simultaneous changes in regional spinal curvatures along the
whole spine in the upright stance with backpack carriage up to a maximum of 20%
of BW in young male adults, the most critical backpack load was found to be at

13% of BW. The most critical backpack load was evaluated with respect to the
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global critical load of the whole spine, instead of the local critical load of a specific
spinal region or threshold level. A more comprehensive and reasonable standard
considering both the postural changes and spinal stability as well as their
associations with the increase in backpack load carriage could be determined.

By assessing the simultaneous changes in both trunk muscle activities and
lumbar joint forces during walking with backpack carriage up to a maximum of
20% of BW in young male adults, the most critical backpack load was found to be
at 10% of BW. The most critical backpack load was evaluated with respect to the
critical load of the activities of six pairs of global trunk muscles and load-bearing
strategies of three directional joint components at the lumbosacral level, instead of
the local critical load of a specific trunk muscle or joint component force. Moreover,
by assessing the lumbosacral joint force, lightweight backpack carriage at
approximately 3% of BW might reduce the cyclic peak compression force by 3% of
BW when compared with the no-load condition, and thus might help release the
cyclic stress in the lumbar joint for patients with low back pain during walking.
Moreover, the most critical changes in trunk muscle activation may be a good
indicator for evaluating the load-bearing strategy in the lumbar spine during
backpack carriage due to the lack of cocontraction strategy between the abdominal

and back muscles.

By assessing the continuous changes in backpack load up to a maximum of
20% of BW and under a range of boundary condition of parametric muscle gain

between 0.5 and 1.5 in the optimization process for predicting the lumbosacral
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joint compression force, a REMGAO approach was developed and the optimal
parametric muscle gain was found to be converged at 0.98. The convergence of the
parametric muscle gain close to 1 revealed that to maintain the stability of the
trunk during walking, trunk muscle cocontraction should be sustained at a certain
level, which is equal to the product of the normalized muscle EMG, physiological

muscle cross-sectional area, and maximum muscle intensity.

Asymmetric load carriage

By assessing the simultaneous changes in both major scoliotic and minor
scoliotic curves in the upright stance with asymmetric load carriage up to a
maximum of 12.5% of BW in young adults with scoliosis, a lightweight
(approximately 4% of BW in the preliminary study) single-strap cross-chest bag
positioned at the hip level could provide short-term reduction of lateral curvature.
Applying a controlled asymmetric load contralateral to the apex location of the
major scoliotic curve successfully provided short-term postural correction and was

a possible pragmatic method for correcting scoliotic spinal curvature.

Multi-objective analysis approach

By assessing the simultaneous changes in regional spinal curvature, trunk
muscle activation, and lumbar spine loading during human activities, a protocol in
multi-objective analysis approach was developed for determining the critical

changes in physiological, kinematics, and kinetics responses to both symmetric and
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asymmetric load carriage in healthy individuals and patients in scoliosis,

respectively.

7.2 Limitations and future research

Symmetric backpack load carriage studies

First, all participants were young male adults and the findings might not be
generalizable to other gender or age groups. Second, all evaluations were
short-term effect of backpack load carriage and the findings might not be
applicable to long-term carriage. Third, the backpack load was set at a maximum of
20% of BW, which might not be applicable to load carriage beyond 20% of BW by

hikers, firefighters, soldiers, or mountain porters.

Future studies involving female or in other age groups, in long-term carriage
duration, and in load magnitude beyond 20% of BW in recreational hikers, or
involving occupational or military activities are recommended to investigate the
effects of backpack carriage covering the full spectrum of age groups and loading

condition.

Asymmetric single-strap cross-chest bag load carriage study

First, young adult patients in scoliosis were recruited in the preliminary study.

Second, only the short-term effects of asymmetric load carriage were investigated.

137



Third, all participants possessed a major thoracic curve; therefore, the effects on
major scoliotic curves in other spinal regions might differ from the findings in the
preliminary study. Fourth, the bag was located at the hip level.

Future studies in other age groups such as children, long-term carriage
duration, and patients with different scoliotic profiles as well as location of the bag
at other levels between the hip and trunk are recommended to further investigate
the postural corrections of scoliotic curves in the coronal plane to generalize the
results to other age groups and optimize the asymmetric load carriage effect on the

correction of various scoliotic profile.

Multi-objective analysis spine model

The predictive optimal parametric gain of 0.98 of the REMGAO approach was
based on the refinement of an EMGAO approach and a computation algorithm
specifically for walking under various load conditions between no-load and a
loaded backpack up to a maximum of 20% of BW. In addition, the comparability of
the REMGAO approach was justified by the prediction of compression force in the
lumbosacral joint. The REMGAO approach is simple in nature, efficient in
computation, and unbiased in predicting the lumbosacral compression force of
walking with a loaded backpack between 0% and 20% BW. The generalization of
the REMGAO approach could be used in biomechanical modeling to estimate the

mechanical loads of various human activities and joints during dynamic motions.
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Appendix 1

Ethical approval, consent form, and information sheet

for the study of backpack carriage

N
5 The Hong Kong Fovrering
l.‘lsﬂ:;“c of Education Educatiop
H ¥ W AR OK g
8 May 2015

Professor CHOW Hung Kay Daniel
Head, Chair Professor
Depariment of Health and Physical Education

Dear Professor Chow,

Application for Ethical Review <Rel. no. 2014-2015-0316>

I am pleased to inform you thet approval has been given by the Human Research Ethics
Committee (HREC) for your research project:

Project title:  Development of a Refined Biomechanical Mode! for Determining Lumbar
Spine Loading

Ethical approval is granted for the project period from 8 May 2015 to 31 Oclober 2016.
If 2 project extension is applied for lasting more than 3 months, HREC should be contacted
with information regerding the nature of and the reason for the extension. If any substantial
changes have been made to the project, a new HREC application will be required.

Please note that vou arc responsible for informing the HREC in advance of any
proposed sut ive changes to the r h proposal or procedures which may affect the
volidity of this ethical approval. You will receive separate notification should a fresh

approval be required,

Thank you for your kind atiention and we wish you well with your research.

Yours sincerely,

Connie Fung (Ms)
Secrelary
Human Research Ethics Committee

c.c. Dr PARK Jae Hyung, Acting Chairperson, Human Research Ethics Committee
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Appendix 1 (cont’d)
Ethical approval, consent form, and information sheet
for the study of backpack carriage

Consent Form and Informaton Sheet for PARTICTIPANTS

THE HONG KONG INSTITUTE OF EDUCATION

Department of Health & Physical Education

CONSENT TO PARTICIPATE IN RESEARCH

Development of a refined biomechanical model for determining lumbar spine loading

I herebyv consent to participate in the captioned research supervised

by Prof. Daniel Chow and conducted by Simon Li.
I understand that information obfained from this research may be used m fture research and
may be published. However, my right to privacy will be retained, i.e., my personal details

will not be revealed.

The procedure as set out in the attached information sheet has been fully explained. I
understand the benefits and risks involved. My participation in the project is voluntary.

I acknowledge that I have the right to question any part of the procedure and can withdraw at
any tfime without negative consequences.

Name of participant

Signature of participant

Name of parent/guidance

Signature of parent/guidance

Date
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Appendix 1 (cont’d)
Ethical approval, consent form, and information sheet
for the study of backpack carriage

INFORMATION SHEET

Development of a refined biomechanical model for determining lumbar spine loading

You are invited to participate in a project supervised by Prof. Daniel Chow and conducted by
Simon Li. They are staff of the Department of Health & Physical Education in The Hong
Kong Institute of Education.

Low back disorders (LBDs) and low back pain (LBP) have been the vital health problem all
over the world. They are either acute injuries, chronic illnesses or perceived pain that are
generated during improper workplace material handling tasks, physically demanding jobs
or load carriage activities. Two researches done in Hong Kong and United States validated
that occupational LBDs and LBP have had significant long term economic impact on all
sectors of the society. They lengthen sick leave period, reduce productivity, increase cost, and
consequently consume resources. The preventive measures of LBDs and LBP are critical
especially for the most mjury part of the spine at the lumbar joints. While the direct invasive
assessment of the realistic loading on the lumbar spine is inappropriate, the indirect
non-invasive approach of modeling is commonly used to approximate the muscle forces and
moments acting on the lumbar spine during human dynamic motions.

Previous studies of biomechanical models in predicting the loadings on the lumbar spine had
made necessary assumptions regarding certain conditions under consideration as well as the
limitations of work place analysis. These assumptions had limited their accuracy in
approximating the realistic free dynamic loading sitvations. The aims of this study are to
construct a refined electromyography assisted optimization (EEMGAOQ) model to
approximate, with comparable accuracy, lumbar spine loading in terms of compression,
anferior-posterior and lateral shear forces and validate the possibility of generalizing the
REMGAO model to predict the loading of individual joint in accordance with respective
group of nuscles.

A FEMGAO model will be developed and validated by a serious of static, dynamic or free
dynamic activities including posture control, material lifting and level walking You will be
mstructed to perform four tasks: (1) erect stance without or with 4 critical backpack loads. (2)
lifting a load of 116N in front at knee level, (3) level walking without and with 4 critical
backpack loads and (4) maximum voluntary contraction activities in 4 postures (back lift pull,
shoulder extension, tnnk extension and bent sit up). You will perform the tasks on or walk
along a pre-set walloway across a force platform and three trials for each activity. You will be
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Appendix 1 (cont’d)
Ethical approval, consent form, and information sheet
for the study of backpack carriage

allowed to rest for 1 minute to 2 minutes between each trial and 5 minutes after completing a
set of task.

The complete experiment will last for about two hours. Transportation allowance (HKD 200)
will be provided for each visit.

Anthropometry data of your lower bodyv and linbs will be measured. Then vou wiil be
trained to get famuliar with all tasks prior to the experiment. Twelve pairs of electrodes and
five nertia measuring upits will be attached at vour upper body to capture the
electromyography activities of various muscles and spinal curvatures. Twenty-five reflective
markers will be attached at vour lower himbs and upper body to capture the motion of the
body segments.

You may experience minor discomfort duning material lifting and backpack load camage and
vour spinal deformity may transiently be increased or decreased. You will not benefit from
the experiment and the results of the study will be used for developing future treatments for
subjects with scoliosis. You have every right to withdraw from the sfudy at anv time without
negative consequences. All information related to vou will remain confidential, and will be
identifiable by codes known only to the researcher.

If vou have any concerns about the conduct of this research studv. please do not hesitate to
contact the Human Research Eflucs Committee by email at hrec@ied edu hk or by mail to
Research and Development Office. The Hong Kong Institute of Education (Tel: 2048-6318).

If vou would like to obtain more information about this study. please contact Prof Daniel

Chow at telephone number 2948-

Thank vou for your interest in participating in this study.

Prof. Daniel Chow
Principal Investigator
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Appendix 2
Ethical approval, consent form, and information sheet
for the study of single-strap cross-chest bag carriage

i
L= The Hong Kong Fregering i
ﬁ Insiitute of Education Eduz'ati 0

b e

27 March 2015

Professar CHOW Hung Kay Daniel
Chair Professor
Department of Health and Physical Education

Dear Professor Chow,

T am pleased to inform you that approval has been given by the Human Research Ethics
Committee (HREC) for your research project:

Project title:  Long-term Effect of Asymmetric Loading on Spinal Deformnity in
Adolescent Idiopathic Scoliosis - A Feasible Study

Ethical approval is granted for the project period from 1 July 2015 to 30 June 2018. If a
project extension is applied for lasting more than 3 months, HREC should be contacted with
information regarding the nature of and the resson for the exiension. If any sub il
changes have been made 1o the project, a new HREC epplication will be required.

Please notc that you erc responsible for informing the HREC in advance of auy
proposed substantive changes to the research proposal or procedures which may affect the
validity of this ethicél approval. You will receive separate notification should a fresh
upproval be required.

Thank you for your kind attention and we wish you well with your research.

Yours sincercly,

Conrie Fung (Ms)
S I -
Human Research Ethics Commitiee

cec. DrPARK Jae Hyung, Acting Chairperson, Human Research Ethics Commitiee
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Appendix 2 (cont’d)
Ethical approval, consent form, and information sheet
for the study of single-strap cross-chest bag carriage

Consent Form and Information Sheet for PARTICIPANTS

THE HONG KONG INSTITUTE OF EDUCATION
Department of Health & Physical Education

CONSENT TO PARTICIPATE IN RESEARCH

Long-term Effect of Asymmetric Loading on Spinal Deformity in Adolescent Idiopathis
Scoliosis — A Feasible Study

I hereby consent to participate in the captioned research supervised by

Prof. Daniel Chow and conducted by Simon Li.

[ understand that information obtained from this research may be used in future
research and may be published. Howewver, my right to privacy will be retained, i.e, my

personal details will not be revealed.
The procedure as set out in the attached information sheet has been fully explained. I
understand the benefits and risks involved. My participation in the project is

voluntary.

[ acknowledge that I have the right to question any part of the procedure and can

withdraw at any time without negative consequences.

Name of participant

Signature of participant

Name of parent/guidance

Signature of parent/guidance

Date
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Appendix 2 (cont’d)
Ethical approval, consent form, and information sheet
for the study of single-strap cross-chest bag carriage

INFORMATION SHEET

Long-term Effect of Asymmetric Loading on Spinal Deformity in Adolescent Idiopathis
Scoliosis — A Feasible Study

You are invited to participate in a project supervised by Prof. Daniel Chow and
conducted by Simon Li. They are staff of the Department of Health & Physical Education
in The Hong Kong Institute of Education.

Scoliosis is a three-dimensional deformity of the spine which typically affects 4-6% of
growing adolescents. As this spinal deformity was demonstrated to be associated with
poorer pulmonary function and higher prevalence of back pain, as well as motor control
impairment and psychosocial problem, therapeutic management should be prescribed
once the deformity is identified. The major goal of the management is to prevent the
curvature from progression. Physiotherapy exercise is usually prescribed as the
preliminary treatment for individuals with adolescent idiopathic scoliosis. It was
demonstrated to be clinically effective in reducing the curve progression rate and
bracing prescription with improved mobility and balance. The effects were found to be
particularly positive for side-shift and asymmetric exercises. However, similar to the
application of bracing treatment, compliance with the prescribed exercise protocol is
difficult as it is practically not feasible to request children to attend twice or thrice
training sessions per week or to perform self-administered regular exercises by
themselves at home. It would be a pragmatic approach if these regular exercises could
be integrated with children's daily activities. Load carriage is common in school-age
children for transferring books and personal belongings to and from schools. It is
conventionally believed that abnormal external loading is one of the possible factors
that may exacerbate spinal deformity. Thus, children are usually recommended to carry
the load symmetrically over the shoulders. However, as asymmetric and side-shift
exercises have been demonstrated to be effective therapeutic exercises for scoliosis
management, we propose the use of properly controlled asymmetric load for postural
correction and muscle conditioning in adolescents with idiopathic scoliosis. In this
study, the biomechanical effects of asymmetric load carriage of different weights on
spinal curvature, body posture and muscle activation patterns will be investigated in
adolescents with idiopathic scoliosis. The findings of the study will contribute
knowledge to the establishment of guidelines for incorporating asymmetric load
carriage into the daily routine of adolescents with idiopathic scoliosis for postural

correction and muscle conditioning.
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Appendix 2 (cont’d)
Ethical approval, consent form, and information sheet
for the study of single-strap cross-chest bag carriage

You will need to participate in the study twice. Each visit will last for about 2 hours.
Transportation allowance (HKD 200) will be provided for each visit. The objective of the
first visit is to determine the optimum position and weight of the asymmetric load that
can achieve the maximum correction of spinal curvature. You will be instructed to carry
a shoulder bag with the weight increasing incrementally at 5N (i.e. 0.5kg) up to the
maximum of 12.5% of your body weight. The spinal curvature and standing posture will
be measured non-invasively using an ultrasound system and laser plumb lines,
respectively. In the second visit, the optimal asymmetric loading configuration identified
in the first visit will be employed for evaluating the muscle training effects. The
participants will be invited to come to the laboratory in about a week time. The activity
of the participants’ trunk muscles will be collected using a non-invasive
electromyography (EMG) system during (1) relaxed upright standing, (2) side-shift

exercise, (3) asymmetric exercise, and (4) optimal asymmetric load carriage.

Participants will be trained by an experienced physiotherapist to get familiar with the
asymmetric and side-shift exercises prior to the experiment. EMG activities of various
muscles will be captured during relaxed upright standing as the baseline. The order of
EMG analysis for participants under conventional therapeutic exercises and optimal
asymmetric load carriage will be randomized. Three measurement trials will be
performed and the results will be averaged for data analysis. The subjects will be

allowed to rest for at least 5 minutes prior to each testing condition.

You may experience minor discomfort during short-term asymmetric load carriage and
yvour spinal deformity may transiently be increased or decreased. You will not benefit
from the experiment and the results of the study will be used for developing future
treatments for subjects with scoliosis. You have every right to withdraw from the study
at any time without negative consequences. All information related to you will remain

confidential, and will be identifiable by codes known only to the researcher.

If you have any concerns about the conduct of this research study, please do not hesitate
to contact the Human Research Ethics Committee by email at hrec@ied.eduhk or by
mail to Research and Development Office, The Hong Kong Institute of Education (Tel:
2948-6318).
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Appendix 2 (cont’d)
Ethical approval, consent form, and information sheet
for the study of single-strap cross-chest bag carriage

If you would like to obtain more information about this study, please contact Prof. Daniel

Chow at telephone number 2948

Thank you for your interest in participating in this study.

Prof. Daniel Chow

Principal Investigator
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Appendix 3.1.1

Appendix 3.1
Experimental data of sagittal spinal curvatures
under backpack carriage in upright stance

Head on Neck Lordosis

Load (% BW)

10

15

20

Trial

Participant 1

44.4

44.1

45.0

47.2

43.3

46.9

46.6

46.1

46.9

46.8

45.8

45.8

43.0

43.6

43.9

Participant 2

21.6

22.0

22.2

241

21.0

23.2

22.8

21.5

249

26.8

24.3

22.6

21.3

17.7

15.9

Participant 3

36.5

37.1

37.8

41.3

39.9

41.0

38.3

39.9

39.1

35.8

36.6

39.7

42.6

38.2

41.0

Participant 4

38.3

37.2

38.9

42.6

45.7

43.7

43.4

44.6

45.3

41.8

40.5

42.9

42.4

43.4

42.0

Participant 5

37.2

39.0

38.1

40.3

46.1

40.3

43.2

42.9

39.9

45.5

43.0

43.2

459

46.3

42.6

Participant 6

32.7

29.8

31.2

26.5

27.6

28.8

26.0

25.3

27.4

26.3

274

25.8

25.7

23.8

26.7

Participant 7

25.1

25.8

23.8

28.3

28.2

28.5

31.8

29.1

25.4

28.8

27.8

26.3

30.2

314

29.0

Participant 8

21.3

214

20.7

20.1

19.2

17.9

19.8

22.2

19.7

22.5

23.1

22.6

14.9

26.0

18.2

Participant 9

17.7

18.1

18.2

22.2

24.1

21.4

24.0

22.3

234

22.3

21.8

22.8

18.9

19.8

17.9

Participant 10

46.2

45.1

47.1

43.5

42.5

43.0

43.6

445

42.7

45.2

43.9

42.7

42.6

45.7

41.2

Mean

321

32.0

32.3

33.6

33.7

33.5

34.0

33.8

33.5

34.2

334

33.5

32.8

33.6

31.8

SD

10.1

9.8

10.5

10.3

10.7

10.7

10.2

10.6

10.3

10.0

9.5

10.1

11.8

11.2

11.6

Overall mean

32.1

33.6

33.8

33.7

32.7

Overall SD

9.8

10.2

10.0

9.5

11.2
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Appendix 3.1.2

Upper Thoracic Kyphosis

Load (% BW)

0

5

10

15

20

Trial

2

2

Participant 1

41.1

38.9

40.9

34.0

353

34.5

26.5

27.0

29.0

29.1

30.1

28.4

29.6

29.3

30.7

Participant 2

19.4

19.7

20.5

20.5

19.0

21.7

19.3

18.7

20.7

16.3

18.2

18.9

19.1

22.1

23.1

Participant 3

46.4

44.3

45.2

37.6

354

39.4

37.5

39.0

38.2

37.6

35.5

40.1

43.4

38.5

39.3

Participant 4

40.4

39.3

38.4

36.5

374

33.7

38.0

35.3

34.0

37.9

36.6

35.0

36.9

36.4

34.5

Participant 5

38.4

38.1

38.5

31.5

30.6

31.5

28.8

27.3

28.2

28.1

27.2

26.6

26.2

27.9

26.7

Participant 6

321

33.9

331

32.6

29.0

28.6

29.1

31.3

31.8

30.9

29.9

26.1

28.7

26.9

29.3

Participant 7

20.7

26.3

24.1

20.8

20.4

211

16.3

15.4

18.5

17.1

19.2

19.0

15.8

12.4

15.5

Participant 8

29.5

29.9

29.8

26.0

349

339

25.8

31.0

29.8

26.5

28.6

32.2

29.0

26.8

25.7

Participant 9

16.8

17.6

17.2

9.8

8.3

9.4

8.8

11.2

8.5

8.8

8.4

6.4

14.9

15.7

14.1

Participant 10

42.4

41.7

42.2

40.9

40.0

40.1

41.0

41.1

39.9

39.6

40.7

40.5

41.1

37.8

40.2

Mean

32.7

33.0

33.0

29.0

29.0

29.4

27.1

27.7

27.9

27.2

27.4

27.3

28.5

27.4

27.9

SD

10.7

9.3

9.7

9.6

10.1

9.5

10.2

10.0

9.6

10.3

9.8

10.5

10.0

8.9

8.9

Overall mean

32.9

29.1

27.6

27.3

27.9

Overall SD

9.6

9.4

9.6

9.9

8.9
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Appendix 3.1.3  Lower Thoracic Kyphosis

Load (% BW) 0 5 10 15 20

Trial 1123|123 |12 |3 (1,23 |12 3

Participant1 55|56 |56|70|6.0|62|9.0|103/86|81(82|87|80|93]76

Participant2 |16 |13|15|41|41|40|41|43|44|31|32|35(3.0/|34]27

Participant3 | 8.5| 9.9 |10.2|15.1|15.7(16.3|10.3|13.3|11.4|12.2|13.3{12.5|{12.4|15.1|14.3

Participant4 |13.1{11.3|12.2|16.2|20.3(19.7(17.5|20.0|20.6|18.5|18.0({18.7(17.1|16.8|18.1

Participant5 | 68|74 |61 |62 |75|62|36|53|18|77|62|7.1|50/|59]45

Participant 6 |25.7|26.6|24.5|25.1|27.5(27.3|29.7|28.4|26.6|29.3|27.3|26.6(29.5|30.4|29.3

Participant 7 |11.8({10.7| 9.6 |11.9|12.1|11.7|12.3|13.5|15.5|11.9|10.2|{14.1| 8.1 |13.0|11.1

Participant8 |12.4|11.6(11.7|10.6| 9.4 | 8.5 |10.1{10.2({12.0|11.8|12.1{12.0|10.0{12.1|11.5

Participant9 |15.1|13.7(14.7|18.0|17.7(18.5|18.5|21.2|17.6|17.6|16.3|16.8|14.3|15.6|15.0

Participant 10 | 3.8 |52 |47 | 51|59 40|37 |42 |33|64|44|45|58]|4.0]|42

Mean 10.4{10.3|10.1|11.9|12.6{12.2|11.9|13.1|12.2{12.7({11.9|12.5|11.3|12.6|11.8

SD 6968|(65|6775(79|82|80(80|75(73|71|7.7|79]8.0
Overall mean 10.3 12.3 12.4 12.3 11.9
Overall SD 6.5 7.1 7.8 7.0 7.6
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Appendix 3.1.4

Lumbar Lordosis

Load (% BW)

10

15

20

Trial

Participant 1

20.3

19.9

20.2

18.7

19.7

19.6

16.7

15.4

17.1

18.4

18.0

18.6

17.7

16.4

18.1

Participant 2

18.1

17.2

17.6

13.6

16.8

14.3

17.7

16.6

18.7

15.4

15.3

16.6

16.3

16.6

16.4

Participant 3

17.8

19.1

18.2

13.0

14.6

17.0

19.2

15.0

17.1

19.0

18.2

17.2

22.5

19.1

15.6

Participant 4

15.4

16.6

14.8

10.8

13.4

14.0

10.6

12.3

11.9

10.4

9.5

11.2

12.8

10.4

10.3

Participant 5

9.3

9.1

9.2

6.6

7.7

6.6

4.4

10.5

9.9

11.0

10.4

5.0

6.0

6.5

7.2

Participant 6

22.0

23.1

224

19.9

18.3

18.1

16.1

15.8

17.5

18.6

18.8

18.2

16.0

14.6

18.2

Participant 7

14.9

14.6

14.7

11.6

11.6

11.7

12.1

16.0

14.5

12.6

12.2

10.7

13.1

14.8

13.4

Participant 8

24.6

25.6

25.6

22.7

30.1

28.5

23.5

314

26.8

22.3

30.4

26.8

18.9

26.0

219

Participant 9

16.6

17.6

17.1

16.4

16.7

16.9

15.7

15.9

11.8

14.2

13.5

13.4

15.4

16.6

14.1

Participant 10

111

11.9

13.0

11.8

10.9

9.7

9.3

7.7

9.9

8.8

7.3

10.4

13.5

14.6

12.2

Mean

17.0

17.5

17.3

14.5

16.0

15.6

14.5

15.7

15.5

15.1

15.4

14.8

15.2

15.6

14.7

SD

4.7

4.9

4.7

49

6.2

6.0

5.5

6.2

5.1

4.4

6.6

6.0

4.4

5.1

4.3

Overall mean

17.3

15.4

15.2

15.1

15.2

Overall SD

4.6

5.6

5.5

5.5

4.5
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under backpack carriage during walking

Appendix 4.1
Experimental data of spatial-temporal parameters

Appendix 4.1.1  Cadence (steps/min)

Load (% BW)
Participant

0 5 10 15 20
1 117.8 | 1152 | 1199 | 102.8 | 109.3
2 1214 | 1203 | 116.5 | 1187 | 117.6
3 1184 | 1169 | 1148 | 116.5 | 110.1
4 1156 | 117.5 | 1185 | 1178 | 1129
5 107.7 | 110.6 | 108.8 | 1079 | 107.6
6 1234 | 1203 | 1111 | 1175 | 122.0
7 123.2 | 1232 | 1211 | 122.7 | 117.8
8 109.0 | 1241 | 1198 | 1204 | 119.8
9 134.1 | 1209 | 1221 | 1195 | 1214
10 1294 | 1319 | 1315 | 131.8 | 1328
Mean 120.0 | 1201 | 1184 | 117.6 | 117.1

SD 8.2 5.7 6.3 7.9 7.6
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Appendix 4.1.2 Walking speed (m/s)

Load (% BW)
Participant

0 5 10 15 20

1 1.32 1.30 1.34 1.14 1.24

2 1.35 1.34 1.29 1.32 1.30

3 1.20 1.23 1.20 1.21 1.14
4 1.24 1.26 1.24 1.26 1.19
5 1.21 1.27 1.28 1.23 1.22
6 1.19 1.18 1.03 1.14 1.17
7 1.28 1.28 1.26 1.31 1.20
8 1.17 1.38 1.29 1.37 1.28
9 1.50 1.32 1.31 1.28 1.35
10 1.39 1.46 1.45 1.44 1.42
Mean 1.29 1.30 1.27 1.27 1.25
SD 0.11 0.08 0.11 0.10 0.09
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Appendix 4.1.3  Stride length (m)
Load (% BW)
Participant

0 5 10 15 20

1 1.34 1.35 1.34 1.33 1.36

2 1.33 1.34 1.33 1.33 1.33

3 1.21 1.26 1.26 1.25 1.25

4 1.29 1.29 1.26 1.28 1.26

5 1.35 1.38 1.41 1.37 1.36

6 1.16 1.18 1.12 1.17 1.15

7 1.24 1.25 1.25 1.28 1.23

8 1.28 1.34 1.30 1.36 1.28

9 1.34 1.31 1.28 1.29 1.33

10 1.29 1.32 1.32 1.31 1.28
Mean 1.28 1.30 1.29 1.30 1.28
SD 0.06 0.06 0.08 0.06 0.07
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Appendix 4.14  Stride time (s)

Load (% BW)
Participant

0 5 10 15 20

1 1.02 1.04 1.00 1.17 1.10
2 0.99 1.00 1.03 1.01 1.02
3 1.01 1.03 1.05 1.03 1.09
4 1.04 1.02 1.01 1.02 1.06
5 1.11 1.09 1.10 1.11 1.12
6 0.97 1.00 1.08 1.02 0.98
7 0.97 0.97 0.99 0.98 1.02
8 1.10 0.97 1.00 1.00 1.00
9 0.89 0.99 0.98 1.00 0.99
10 0.93 0.91 0.91 0.91 0.90
Mean 1.00 1.00 1.02 1.03 1.03
SD 0.07 0.05 0.05 0.07 0.07
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Appendix 4.1.5  Step length (m)
Left stride Load (% BW)
Participant 0 5 10 15 20
1 0.74 0.71 0.62 0.71 0.74
2 0.66 0.64 0.63 0.62 0.59
3 0.63 0.63 0.61 0.63 0.63
4 0.64 0.63 0.63 0.60 0.63
5 0.64 0.67 0.67 0.64 0.63
6 0.58 0.58 0.58 0.56 0.58
7 0.63 0.63 0.63 0.62 0.62
8 0.66 0.70 0.67 0.69 0.67
9 0.66 0.66 0.66 0.65 0.64
10 0.67 0.68 0.68 0.67 0.67
Mean 0.65 0.65 0.64 0.64 0.64
SD 0.04 0.04 0.03 0.04 0.05
Right stride Load (% BW)
Participant 0 5 10 15 20
1 0.61 0.64 0.72 0.63 0.63
2 0.68 0.70 0.70 0.72 0.74
3 0.58 0.64 0.65 0.62 0.62
4 0.66 0.66 0.62 0.68 0.63
5 0.71 0.71 0.74 0.73 0.73
6 0.58 0.60 0.53 0.61 0.57
7 0.62 0.62 0.62 0.66 0.61
8 0.63 0.63 0.62 0.68 0.61
9 0.69 0.66 0.63 0.64 0.69
10 0.62 0.65 0.64 0.64 0.61
Mean 0.64 0.65 0.65 0.66 0.64
SD 0.05 0.03 0.06 0.04 0.06
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Appendix 4.1.6  Step time (s)

Left stride Load (% BW)
Participant 0 5 10 15 20
1 0.55 0.57 0.55 0.62 0.58
2 0.51 0.52 0.53 0.52 0.53
3 0.43 0.43 0.44 0.42 0.47
4 0.54 0.54 0.53 0.53 0.57
5 0.56 0.58 0.58 0.56 0.58
6 0.54 0.55 0.56 0.54 0.53
7 0.44 0.42 0.44 0.42 0.45
8 0.52 0.49 0.51 0.51 0.52
9 0.48 0.49 0.49 0.49 0.49
10 0.49 0.50 0.49 0.49 0.49
Mean 0.51 0.51 0.51 0.51 0.52
SD 0.04 0.05 0.05 0.06 0.05
Right stride Load (% BW)
Participant 0 5 10 15 20
1 0.47 0.48 0.45 0.54 0.52
2 0.48 0.48 0.50 0.50 0.49
3 0.58 0.60 0.61 0.61 0.62
4 0.49 0.49 0.49 0.49 0.49
5 0.56 0.51 0.52 0.55 0.54
6 0.43 0.45 0.52 0.48 0.46
7 0.54 0.55 0.55 0.56 0.57
8 0.58 0.48 0.49 0.49 0.49
9 0.41 0.50 0.50 0.51 0.50
10 0.43 0.41 0.42 0.42 0.42
Mean 0.50 0.50 0.51 0.52 0.51
SD 0.06 0.05 0.05 0.05 0.05
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Appendix 4.1.7  Single support duration (% gait cycle)

Left stride Load (% BW)
Participant 0 5 10 15 20
1 41.6 36.3 41.7 40.5 41.3
2 39.0 38.5 40.1 39.3 40.2
3 39.6 36.8 38.2 37.5 39.4
4 43.9 37.1 42.4 41.5 50.0
5 38.5 35.8 40.4 38.4 38.2
6 40.2 39.9 37.2 38.2 38.8
7 39.0 39.4 37.0 38.5 36.4
8 35.8 40.3 36.4 36.4 36.3
9 38.1 39.6 38.6 38.2 37.0
10 41.1 41.5 41.0 40.3 39.6
Mean 39.7 38.5 39.3 38.9 39.7
SD 2.2 1.9 2.1 1.5 4.0
Right stride Load (% BW)
Participant 0 5 10 15 20
1 37.7 42.7 32.3 36.4 37.2
2 39.2 39.9 38.3 37.9 37.6
3 37.7 40.6 36.6 36.8 35.5
4 37.9 43.3 38.1 36.8 36.5
5 38.7 41.7 35.8 36.2 35.0
6 40.9 40.7 38.0 38.4 37.9
7 40.6 39.4 39.1 38.6 38.1
8 38.0 35.3 39.5 39.7 39.2
9 40.0 38.8 40.2 37.8 38.1
10 40.3 40.5 41.4 40.8 41.1
Mean 39.1 40.3 379 379 37.6
SD 1.3 2.2 2.6 1.5 1.8

158



Appendix 4.1.8

Double support duration (% gait cycle)

Participant Load (% BW)

0 5 10 15 20

1 10.3 10.5 13.0 11.5 10.7

2 10.9 10.8 10.8 11.4 11.1

3 11.3 11.3 12.6 12.9 12.6
4 9.1 9.8 9.7 10.9 6.8
5 11.4 11.2 11.9 12.7 13.4
6 9.5 9.7 12.4 11.7 11.7
7 10.2 10.6 11.9 11.4 12.8
8 13.1 12.2 12.1 12.0 12.3
9 11.0 10.8 10.6 12.0 12.5
10 9.3 9.0 8.8 9.5 9.6
Mean 10.6 10.6 11.4 11.6 11.4
SD 1.2 0.9 1.4 1.0 2.0
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Appendix 4.2.1

Experimental data of ground reaction forces
under backpack carriage during walking

Appendix 4.2

First peak of vertical force (% BW)
Left stride Load (% BW)
Participant 0 5 10 15 20
1 118.9 129.5 | 128.0 | 131.2 | 141.2
2 113.1 1139 | 1189 | 123.0 | 127.3
3 102.1 115.7 | 115.0 | 1139 | 123.1
4 107.8 108.2 | 1179 | 123.8 | 123.6
5 116.1 120.4 | 125.2 | 127.8 | 1339
6 102.7 109.6 | 111.3 | 109.6 | 120.3
7 112.1 117.8 | 1228 | 136.0 | 130.0
8 115.8 121.8 | 124.3 | 1334 | 134.1
9 121.7 126.3 | 127.6 | 132.6 | 137.8
10 97.6 113.6 | 1089 | 109.2 | 120.2
Mean 110.8 | 117.7 | 120.0 | 124.1 | 129.2
SD 8.0 6.9 6.7 10.0 7.4
Right stride Load (% BW)
Participant 0 5 10 15 20
1 119.1 116.4 119.7 123.5 133.2
2 111.9 121.2 | 1298 | 1298 | 126.7
3 1144 | 1223 | 119.2 | 129.0 | 1311
4 111.4 115.2 121.6 127.5 127.7
5 110.7 115.0 119.6 121.5 131.4
6 105.8 111.0 | 113.3 | 1140 | 125.2
7 114.3 123.0 | 124.0 | 132.2 | 138.7
8 118.5 121.1 123.3 128.7 133.2
9 124.8 127.8 | 1314 | 139.8 | 1485
10 96.4 103.7 | 108.1 | 108.8 | 119.0
Mean 112.7 | 117.7 | 121.0 | 1255 | 1315
SD 7.8 6.9 6.9 9.0 8.0
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Appendix 4.2.2  Second peak of vertical force (% BW)

Left stride Load (% BW)

Participant 0 5 10 15 20

1 105.0 114.0 | 118.2 120.2 123.7

2 113.1 1139 | 1189 | 123.0 | 127.3

3 102.1 115.7 | 115.0 | 1139 | 123.1

4 110.5 120.5 | 1279 | 132.7 | 1283

5 116.1 1204 | 125.2 127.8 | 133.9

6 110.2 1195 | 122.6 | 128.7 | 136.8

7 101.5 112.3 1184 | 121.1 | 126.7

8 108.8 114.2 120.7 | 1314 | 129.8

9 113.0 119.8 | 120.5 | 125.7 | 130.9

10 116.5 108.8 | 132.1 129.5 | 137.2

Mean 109.7 | 1159 | 122.0 | 1254 | 129.8
SD 5.4 4.0 5.1 5.8 5.0

Right stride Load (% BW)

Participant 0 5 10 15 20

100.6 | 103.9 | 110.8 | 114.6 | 1217

2 105.7 108.2 117.8 | 122.7 | 124.1

3 105.5 120.1 1128 | 1199 | 128.1

4 110.3 117.2 123.6 | 127.7 | 124.3

5 114.4 1174 | 124.6 | 1324 | 136.1

6 112.5 119.9 124.8 131.6 135.7

7 102.2 117.0 115.1 125.0 135.5

8 109.1 117.5 117.7 122.0 131.2

9 111.7 118.1 127.1 128.5 131.7

10 114.4 97.4 125.6 129.5 134.5

Mean 108.6 | 113.7 | 120.0 | 1254 | 130.3
SD 49 7.8 5.9 5.6 5.4
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Appendix 4.2.3

Trough of vertical force (% BW)

Left stride Load (% BW)
Participant 0 5 10 15 20
1 69.7 70.0 75.6 83.5 85.8
2 65.8 71.0 71.9 80.1 83.9
3 72.8 75.3 78.8 83.3 90.1
4 73.7 80.2 76.8 88.4 88.7
5 73.0 79.9 85.2 88.0 91.5
6 82.2 83.4 89.6 92.7 91.8
7 74.8 74.6 79.0 79.7 91.6
8 78.1 78.9 85.5 84.6 93.3
9 65.7 68.4 79.3 81.1 75.5
10 76.3 53.6 87.0 83.4 91.9
Mean 73.2 73.5 80.9 84.5 88.4
SD 5.2 8.6 5.7 4.1 5.4
Right stride Load (% BW)
Participant 0 5 10 15 20
1 71.4 79.6 80.6 89.1 86.2
2 63.9 68.4 78.4 84.4 78.4
3 71.5 67.7 79.4 80.3 85.5
4 73.0 75.9 77.1 88.4 92.7
5 73.7 77.6 82.4 86.0 88.0
6 79.9 85.6 58.7 91.4 93.0
7 71.9 67.3 80.4 82.2 86.5
8 71.7 72.3 79.2 75.2 84.7
9 63.9 70.0 77.7 80.2 79.3
10 71.8 51.8 81.5 80.5 89.5
Mean 71.3 71.6 77.5 83.8 86.4
SD 4.6 9.2 6.8 5.0 4.9
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Appendix 4.24  Peak of anterior shear force (% BW)

Left stride Load (% BW)
Participant 0 5 10 15 20
1 22.4 21.3 18.5 23.5 25.4
2 25.3 24.7 25.6 26.1 28.8
3 26.2 26.1 27.0 29.5 26.8
4 21.3 22.3 24.1 24.7 24.2
5 26.5 26.0 24.3 27.2 28.8
6 19.1 21.3 211 19.4 22.5
7 21.5 25.3 279 26.2 28.2
8 22.9 26.8 28.5 31.7 31.0
9 23.0 25.1 27.2 26.8 289
10 21.6 23.6 22.7 24.3 26.1
Mean 23.0 24.3 24.7 25.9 27.1
SD 2.4 2.0 3.2 3.4 2.6
Right stride Load (% BW)
Participant 0 5 10 15 20
20.8 20.5 21.5 23.7 24.8
2 27.5 28.1 26.0 26.8 30.2
3 21.3 23.6 22.7 26.4 23.6
4 21.1 23.3 271 25.4 27.2
5 21.5 23.7 24.3 23.4 26.7
6 16.6 18.9 18.8 19.2 20.1
7 19.8 22.5 24.1 24.3 24.7
8 32.7 34.4 34.3 36.0 35.5
9 29.8 28.9 28.4 28.5 34.4
10 24.1 23.6 27.3 26.7 279
Mean 235 24.8 25.5 26.0 27.5
SD 5.0 4.5 4.3 4.3 4.8
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Appendix 4.2.5 Peak of posterior shear force (% BW)

Left stride Load (% BW)
Participant 0 5 10 15 20
1 24.0 25.0 23.3 27.0 28.7
2 27.3 28.8 25.8 26.2 28.7
3 19.8 23.2 19.5 221 22.3
4 20.2 19.8 23.3 23.6 221
5 16.1 19.5 221 19.9 23.6
6 14.3 16.5 15.4 16.5 20.3
7 17.7 221 20.6 21.6 23.2
8 16.6 21.5 21.7 21.5 23.8
9 19.0 19.4 241 25.2 24.3
10 24.7 22.3 23.6 27.3 24.6
Mean 20.0 21.8 21.9 23.1 24.2
SD 4.2 3.4 2.9 3.4 2.7
Right stride Load (% BW)
Participant 0 5 10 15 20
1 27.6 27.8 23.2 28.2 31.5
2 25.7 23.8 26.9 24.6 29.8
3 18.4 23.3 21.0 23.1 21.3
4 20.6 18.1 21.4 21.5 22.3
5 17.6 18.6 19.6 19.5 21.4
6 14.8 16.1 15.3 16.6 17.0
7 15.4 21.2 22.2 25.8 21.0
8 16.9 21.5 22.1 25.3 24.1
9 23.3 22.6 23.8 27.5 29.0
10 24.4 22.3 25.2 25.0 24.9

Mean 20.5 21.5 22.1 23.7 24.2

SD 4.5 3.3 3.2 3.6 4.6
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Appendix 4.2.6  Peak of mediolateral shear force (% BW)

Left stride Load (% BW)

Participant 0 5 10 15 20
1 7.0 6.6 9.7 9.7 10.0
2 10.2 9.9 9.3 8.0 11.2

3 7.9 8.5 7.4 8.2 8.5

4 7.8 8.2 7.7 9.4 8.9

5 5.5 5.3 6.3 6.6 5.5

6 7.3 7.5 8.6 8.4 9.4

7 7.4 8.2 8.2 10.5 9.3

8 4.6 6.9 6.1 6.8 6.1

9 7.5 6.1 6.4 6.8 6.4
10 7.6 8.1 8.5 7.8 10.4
Mean 7.3 7.5 7.8 8.2 8.6
SD 1.5 1.3 1.3 1.3 1.9

Right stride Load (% BW)

Participant 0 5 10 15 20
1 5.3 6.2 10.5 7.7 9.1

2 6.1 5.7 5.4 6.2 6.2

3 7.8 9.8 9.2 9.1 9.2

4 7.6 7.1 8.7 9.4 9.1
5 10.0 8.0 7.7 10.0 10.7

6 7.5 7.1 5.7 7.1 7.0

7 6.9 8.5 9.5 8.6 9.7

8 6.9 7.9 7.4 7.6 8.2

9 7.2 6.8 7.2 7.9 6.7
10 11.0 9.7 10.6 11.6 111
Mean 7.6 7.7 8.2 8.5 8.7
SD 1.7 1.4 1.8 1.6 1.7
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Appendix 4.3
Experimental data of peak EMG amplitudes
under backpack carriage during walking

Appendix 4.3.1  Rectus abdominis (% EMGwmvc)
Left Load (% BW)
Participant 0 5 10 15 20

1 2.1 2.3 2.7 3.5 3.0
2 2.2 2.8 3.0 2.1 4.4
3 2.8 2.1 2.6 5.0 7.7
4 5.2 4.5 7.9 12.4 10.1
5 3.7 4.4 5.4 7.6 4.5
6 1.7 2.6 4.4 3.6 13.5
7 5.1 5.1 4.7 6.9 7.2
8 2.0 2.2 2.4 3.7 4.9
9 3.4 3.3 4.1 4.8 7.3
10 2.0 1.3 3.5 4.3 5.1

Mean 3.0 3.1 4.1 5.4 6.8
SD 1.3 1.2 1.7 3.0 3.1

Right Load (% BW)

Participant 0 5 10 15 20

1 2.5 3.2 4.1 4.8 3.6
2 2.7 2.1 2.3 2.8 4.8
3 1.8 1.6 1.7 2.7 3.6
4 7.9 9.2 12.2 17.7 12.3
5 4.5 5.6 6.7 7.9 7.2
6 2.0 1.2 3.8 6.8 11.6
7 4.9 5.9 7.2 9.9 10.1
8 2.5 3.8 3.3 49 8.7
9 1.9 2.3 2.2 2.5 3.4
10 2.7 3.5 3.9 7.0 6.4

Mean 3.3 3.8 4.7 6.7 7.2
SD 1.9 2.4 3.2 4.6 3.4
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Appendix 4.3.2  External oblique (% EMGuvc)

Left Load (% BW)
Participant 0 5 10 15 20
1 9.5 9.7 9.1 12.7 11.5
2 3.2 2.8 4.3 5.5 4.2
3 4.1 2.8 4.7 5.7 4.7
4 13.1 19.3 19.4 23.2 18.3
5 5.8 5.8 7.9 10.9 6.3
6 13.7 12.6 13.1 19.0 14.3
7 6.5 6.2 6.3 6.7 4.3
8 1.7 1.8 2.6 3.8 3.7
9 7.8 9.1 8.8 10.3 9.0
10 1.6 2.4 2.0 3.3 5.3
Mean 6.7 7.3 7.8 10.1 8.2
SD 4.3 5.6 53 6.6 5.0

Right Load (% BW)
Participant 0 5 10 15 20
1 6.9 6.3 7.5 9.4 5.6
2 2.2 2.0 2.4 2.9 3.4
3 4.0 2.8 4.8 5.3 8.2
4 13.4 16.1 21.2 23.9 18.5
5 4.9 4.1 5.6 7.2 6.9
6 10.7 14.1 14.8 17.5 15.3
7 5.3 5.0 8.3 8.2 8.0
8 2.5 4.3 4.5 6.9 6.3
9 10.4 10.4 11.5 14.8 14.0
10 2.6 3.8 3.9 4.8 6.5
Mean 6.3 6.9 8.5 10.1 9.3
SD 3.9 49 5.8 6.6 49
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Appendix 4.3.3

Internal oblique (% EMGwmvc)

Left Load (% BW)
Participant 0 5 10 15 20
1 5.9 3.9 3.1 6.2 3.8
2 6.0 8.1 8.1 5.9 19.3
3 8.5 8.4 18.0 13.0 15.4
4 7.0 6.1 8.6 10.0 7.9
5 4.3 49 4.5 4.7 6.2
6 11.0 17.7 12.8 17.2 14.2
7 3.5 5.2 6.6 11.7 10.0
8 12.4 14.0 121 12.7 9.3
9 14.8 14.9 13.3 15.6 16.3
10 4.2 6.0 7.8 7.9 6.0
Mean 7.8 8.9 9.5 10.5 10.8
SD 3.8 4.8 4.5 4.3 5.2
Right Load (% BW)
Participant 0 5 10 15 20
1 6.8 3.7 3.2 8.3 4.8
2 5.6 5.8 6.5 5.4 12.4
3 13.0 8.2 17.2 18.2 15.8
4 4.7 5.4 7.5 8.7 6.9
5 4.4 4.4 6.0 7.9 6.3
6 13.6 17.9 18.1 15.8 23.0
7 4.0 3.5 6.8 13.7 9.1
8 8.4 7.4 6.1 8.9 10.0
9 15.1 16.0 15.1 15.5 16.0
10 14.8 13.1 10.9 17.8 10.2
Mean 9.0 8.5 9.7 12.0 11.5
SD 4.6 5.3 5.3 4.7 5.5
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Appendix 4.3.4  Latissimus dorsi (% EMGmvc)

Left Load (% BW)
Participant 0 5 10 15 20
1 3.8 3.3 8.5 3.0 2.2
2 7.2 6.3 10.0 7.2 9.2
3 4.3 3.8 3.4 4.7 6.8
4 3.1 2.5 2.6 3.5 3.2
5 3.7 2.4 2.6 2.4 5.6
6 2.5 3.3 3.6 3.4 4.1
7 4.3 1.1 2.6 2.9 3.7
8 7.0 6.0 7.6 4.5 4.2
9 1.7 2.1 1.8 2.1 3.2
10 7.6 9.7 9.4 7.9 8.1
Mean 4.5 4.1 5.2 4.2 5.0
SD 2.1 2.6 3.2 2.0 2.3

Right Load (% BW)
Participant 0 5 10 15 20
1 5.0 4.4 4.1 2.9 2.0
2 6.7 5.3 9.0 6.6 3.9
3 1.3 1.7 1.6 1.6 2.1
4 4.0 2.7 2.8 3.6 4.5
5 3.0 2.8 2.2 2.6 4.8
6 4.5 6.9 4.9 3.5 3.0
7 2.3 1.9 1.7 1.3 1.7
8 1.4 1.2 1.0 1.3 1.3
9 4.2 3.6 2.8 2.9 2.5
10 9.0 6.0 9.2 6.0 8.1
Mean 41 3.7 3.9 3.2 3.4
SD 2.4 1.9 3.0 1.8 2.0
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Appendix 4.3.5

Thoracic erector spinae (% EMGwmvc)

Left Load (% BW)
Participant 0 5 10 15 20
1 7.0 5.0 3.1 2.6 2.1
2 12.0 9.9 14.5 121 8.1
3 4.3 4.8 3.5 5.1 8.5
4 7.0 5.5 5.9 8.0 6.5
5 4.8 3.0 4.1 6.6 7.8
6 10.2 9.8 6.8 5.8 4.9
7 4.8 5.2 6.1 5.3 7.9
8 11.6 11.6 9.0 8.9 7.3
9 2.1 1.9 1.5 2.0 1.7
10 5.4 8.6 10.1 9.7 111
Mean 6.9 6.5 6.5 6.6 6.6
SD 3.3 3.2 3.9 3.1 2.9

Right Load (% BW)
Participant 0 5 10 15 20
1 6.5 6.7 5.1 3.5 4.3
2 11.0 10.5 14.0 11.0 8.4
3 6.2 4.8 5.3 5.0 8.9
4 5.2 4.3 7.4 3.6 5.1
5 7.0 5.9 5.1 4.6 7.9
6 9.4 10.2 4.8 5.8 6.9
7 7.1 6.1 4.8 4.6 7.8
8 5.2 5.0 16.2 6.3 10.1
9 8.2 9.0 6.8 7.3 6.7
10 5.7 4.7 4.6 11.5 6.3
Mean 7.2 6.7 7.4 6.3 7.2
SD 1.9 2.3 4.2 2.8 1.7
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Appendix 4.3.6

Lumbar erector spinae (% EMGmvc)

Left Load (% BW)
Participant 0 5 10 15 20
1 7.5 7.4 4.4 4.5 2.9
2 7.7 7.0 7.4 5.9 7.0
3 8.7 7.5 6.4 7.5 10.3
4 6.8 5.2 2.8 2.5 6.8
5 8.3 7.4 5.6 7.0 4.8
6 13.8 11.7 8.6 10.0 9.5
7 7.2 8.3 5.6 4.8 5.7
8 9.1 5.3 6.3 4.8 4.1
9 6.0 8.4 8.3 8.9 8.5
10 121 14.6 12.2 11.8 10.8
Mean 8.7 8.3 6.8 6.8 7.0
SD 2.4 2.9 2.6 2.8 2.7
Right Load (% BW)
Participant 0 5 10 15 20
1 10.9 10.5 10.9 8.5 9.9
2 9.6 8.8 5.8 8.2 8.1
3 8.5 7.5 6.8 7.5 9.8
4 6.5 4.2 4.1 4.2 4.4
5 7.9 6.8 7.4 7.0 6.1
6 12.1 14.5 11.1 10.6 9.5
7 8.1 8.0 7.9 3.9 5.8
8 9.0 7.3 9.3 5.5 9.9
9 6.2 5.7 3.6 4.1 5.8
10 5.5 5.0 6.4 6.7 7.7
Mean 8.4 7.8 7.3 6.6 7.7
SD 2.1 3.0 2.6 2.2 2.1
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under backpack carriage during walking

Appendix 4.4
Experimental data of peak lumbosacral joint forces

Appendix 4.4.1 Compression (% BW)

Participant Load (% BW)
0 5 10 15 20
1 197.2 | 1904 | 2169 | 241.1 | 270.5
2 1715 | 1744 | 1785 | 197.5 | 208.5
3 2059 | 191.7 | 2105 | 252.3 | 274.2
4 180.9 | 188.4 | 214.6 | 2079 | 249.8
5 1939 | 178.8 | 1814 | 246.0 | 273.4
6 190.0 | 184.2 | 229.0 | 253.7 | 265.2
7 190.1 | 189.0 | 2139 | 223.1 | 242.0
8 204.6 | 168.8 | 2214 | 2494 | 270.3
9 188.2 | 211.6 | 208.7 | 231.2 | 253.8
10 2315 | 2183 | 2224 | 2398 | 2424
Mean 1954 | 189.6 | 209.7 | 234.2 | 255.0
SD 16.3 15.4 16.8 19.2 20.6
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Appendix4.4.2  Anterior shear (% BW)

Participant Load (% BW)

0 5 10 15 20

1 27.5 24.2 35.8 29.9 28.8

2 31.1 33.1 29.5 32.4 45.3

3 33.6 37.5 42.2 39.4 48.8
4 15.3 11.7 12.3 13.2 24.5
5 21.4 26.2 25.1 25.9 30.2
6 24.0 23.3 23.7 37.0 31.8
7 23.9 21.9 16.9 25.0 25.3
8 22.6 22.6 24.9 27.6 34.1
9 28.8 24.8 25.2 22.4 26.1
10 21.9 31.5 29.7 30.4 39.3
Mean 25.0 25.7 26.5 28.3 334
SD 53 7.1 8.6 7.5 8.5
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Appendix 4.4.3

Posterior shear (% BW)
Participant Load (% BW)
0 5 10 15 20
1 10.3 11.1 8.5 9.4 11.3
2 23.7 23.7 24.7 28.0 32.9
3 19.5 25.7 29.5 40.1 38.7
4 23.0 27.6 31.2 29.0 20.0
5 30.8 32.2 39.9 42.3 39.9
6 11.2 13.2 20.7 20.3 23.2
7 10.5 12.2 17.7 12.3 26.0
8 19.6 16.3 211 17.3 23.4
9 19.1 22.8 25.3 25.6 22.9
10 28.5 24.0 26.6 26.0 26.1
Mean 19.6 20.9 24.5 25.0 26.4
SD 7.3 7.2 8.4 10.7 8.7
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Appendix4.44  Mediolateral shear (% BW)

Participant Load (% BW)

0 5 10 15 20

1 16.0 12.0 23.0 24,7 27.5

2 12.7 16.2 14.9 17.9 25.7

3 17.1 19.9 211 20.3 23.5
4 16.9 14.8 18.4 17.9 14.8
5 12.2 16.0 22.4 24.2 25.0
6 16.0 15.2 16.9 15.9 17.5
7 16.7 16.7 18.9 18.6 19.1
8 9.5 11.9 12.1 10.7 14.7
9 16.5 18.5 20.1 21.6 19.5
10 17.6 13.8 10.3 14.4 13.1
Mean 15.1 15.5 17.8 18.6 20.0
SD 2.7 2.6 4.3 4.3 51
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Appendix 5.1
Experimental data of Peak Compression Force Deviation

from EMGAO Approach (% BW)
(3 trials x 5 backpack loading conditions x 10 participants = 150 data points)

Data | REMGAO | DLOPT | SLOPT | Data | REMGAO | DLOPT | SLOPT
1 4.8 -7.4 -19.5 26 -1.0 5.1 -20.2
2 -2.6 -13.0 -23.1 27 -7.8 9.7 -16.0
3 1.2 -6.7 -18.4 28 -5.8 -6.6 -17.7
4 6.0 0.1 -16.5 29 -6.2 0.4 -14.8
5 -2.5 -12.6 -27.2 30 -9.8 1.9 -16.7
6 1.9 -9.9 -23.6 31 -9.8 -30.3 -39.5
7 10.0 -0.6 -21.9 32 1.9 -0.7 -12.8
8 2.5 5.0 -17.1 33 5.6 -2.4 -12.6
9 1.6 -7.7 -19.0 34 0.3 -8.2 -19.7
10 2.1 -7.5 -23.7 35 1.1 -5.2 -17.8
11 -2.8 -7.5 -26.1 36 2.3 -5.1 -17.1
12 1.8 -8.1 -24.2 37 -4.1 -6.7 -17.5
13 1.5 -1.6 -21.1 38 -0.8 -29.7 -41.7
14 -0.2 -3.0 -21.4 39 -0.4 -7.3 -20.0
15 0.3 -3.1 -20.9 40 0.7 1.0 -13.4
16 5.9 9.5 -16.5 41 2.0 4.8 -10.1
17 -9.6 -8.3 -26.5 42 0.7 -7.2 -15.5
18 2.7 -9.0 -13.4 43 0.9 -0.8 -12.5
19 -0.2 2.8 -13.9 44 1.6 -20.1 -31.3
20 6.6 -2.7 -19.2 45 8.4 -8.2 -26.9
21 -5.6 -1.4 -14.5 46 -2.1 -3.9 -20.7
22 4.4 4.7 -17.5 47 1.4 -3.4 -19.7
23 2.8 0.8 -20.1 48 0.9 -1.2 -18.5
24 3.0 1.9 -20.1 49 -1.6 1.1 -19.1
25 3.2 7.9 -14.6 50 -4.5 -11.1 -22.2
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Appendix 5.1 (cont’d)
Experimental data of Peak Compression Force Deviation
from EMGAO Approach (% BW)

Data | REMGAO | DLOPT | SLOPT | Data | REMGAO | DLOPT | SLOPT
51 -1.8 0.2 -19.3 76 0.1 -8.5 -18.6
52 -1.7 -14.9 -29.1 77 3.3 -13.6 -23.6
53 -0.8 -12.7 -26.9 78 0.3 -8.6 -18.3
54 -0.5 -13.0 -27.1 79 0.2 -19.8 -25.9
55 -5.9 -11.1 -19.9 80 2.1 -12.9 -19.1
56 -0.9 3.9 -16.3 81 2.5 -12.4 -19.3
57 -7.9 -13.0 -21.9 82 -1.0 -23.5 -31.8
58 -1.3 -3.2 -20.3 83 -1.2 -12.3 -29.9
59 -3.6 -8.6 -19.8 84 -6.9 -23.1 -36.8
60 -0.5 1.3 -16.3 85 -1.7 -12.3 -28.7
61 0.7 -8.3 -19.9 86 2.0 -9.8 -27.4
62 1.0 -4.3 -15.0 87 2.0 -9.4 -27.8
63 1.5 -9.7 -19.3 88 -4.5 -17.3 -33.2
64 1.5 -7.0 -14.3 89 -0.5 -9.3 -26.2
65 1.1 -6.1 -14.8 90 -0.5 -7.3 -25.0
66 0.9 -9.1 -14.5 91 6.2 -1.2 -19.6
67 -1.2 11.7 -16.0 92 10.8 -2.7 -24.4
68 -0.9 4.0 -16.5 93 1.6 0.6 -13.7
69 0.6 17.7 -10.2 94 0.7 -5.7 -12.0
70 0.3 -7.0 -16.8 95 -2.1 0.2 -18.1
71 0.7 -6.9 -17.0 96 0.3 -8.5 -14.7
72 0.6 -6.0 -16.7 97 4.8 -6.7 -16.8
73 2.4 -1.9 -11.2 98 1.2 -14.0 -26.0
74 3.1 -2.3 -12.0 99 2.2 -11.2 -22.8
75 2.5 -2.0 -11.4 100 -1.4 -7.0 -23.7
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Appendix 5.1 (cont’d)

Experimental data of Peak Compression Force Deviation

from EMGAO Approach (% BW)

Data | REMGAO | DLOPT | SLOPT | Data | REMGAO | DLOPT | SLOPT
101 -1.6 -7.7 -25.3 126 -4.3 -8.6 -19.9
102 0.6 -11.5 -24.2 127 -5.9 -5.1 -19.8
103 -9.4 -16.2 -25.1 128 -7.1 -10.9 -21.5
104 0.4 1.9 -13.4 129 2.7 -16.1 -19.8
105 0.4 2.7 -11.1 130 3.5 -5.6 -18.3
106 1.1 6.7 -5.9 131 -6.0 -10.3 -21.3
107 1.1 4.5 -9.2 132 0.3 -4.1 -15.6
108 -1.1 0.9 -9.2 133 -1.3 -7.3 -17.9
109 3.6 -12.5 -28.3 134 -0.3 -0.3 -20.2
110 6.1 -7.3 -20.6 135 0.7 -13.3 -26.5
111 -10.6 -13.5 -21.1 136 4.5 9.6 -10.1
112 -8.0 -10.7 -24.3 137 -2.4 18.1 -7.3

113 3.7 2.3 -11.8 138 -11.3 11.8 -7.0

114 7.3 -12.6 -27.5 139 -1.9 -6.0 -9.2

115 0.3 4.7 -12.2 140 1.8 5.3 -6.8

116 0.1 0.9 -12.8 141 11.8 2.3 -16.5
117 -0.5 -4.0 -13.3 142 0.0 -1.4 -12.7
118 3.7 -5.4 -17.8 143 6.1 8.5 -14.3
119 -2.9 1.6 -11.1 144 0.2 8.4 -9.7

120 -0.8 -0.3 -12.5 145 -2.9 6.9 -6.3

121 1.3 -22.5 -27.0 146 4.9 5.1 -15.3
122 0.5 -14.3 -18.4 147 3.7 -6.5 -20.7
123 0.6 -21.0 -25.7 148 -10.6 6.2 -20.9
124 -8.3 -16.7 -25.1 149 -6.2 8.4 -25.3
125 -2.5 -22.3 -27.0 150 2.0 -11.3 -23.5
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Appendix 6.1
Experimental data of scoliotic spinal curvatures

under single-strap cross-chest bag carriage in upright stance

Appendix 6.1.1  Participants 1-6

Loaded on the No-load Asymmetric Load (% BW)
ipsilateral side of

apex location 0 25 5 7.5 10 12.5
Participant 1 22.2 22.5 24.3 17.5 23.3 26.5
Participant 2 219 21.5 25.3 19.5 23.3 27.0
Participant 3 17.2 18.8 13.8 23.0 14.3 15.5
Participant 4 14.3 16.5 16.2 15.1 14.4 11.4
Participant 5 15.9 26.8 20.8 15.5 19.1 18.3
Participant 6 12.6 6.4 7.2 10.8 16.6 214
Mean 17.4 18.8 17.9 16.9 18.5 20.0

SD 4.0 7.0 6.9 4.1 4.1 6.2

Loaded on the No-load Asymmetric Load (% BW)
contralateral side

of apex location 0 2.5 5 7.5 10 125
Participant 1 22.2 21.2 21.6 19.8 17.4 16.8
Participant 2 219 214 19.2 19.3 17.1 16.5
Participant 3 17.2 14.7 11.0 13.7 14.7 16.4
Participant 4 14.3 10.8 12.6 11.3 13.7 13.1
Participant 5 15.9 14.2 15.4 14.5 15.7 15.7

Participant 6 12.6 5.9 6.2 7.3 5.3 4.0
Mean 17.4 14.7 14.3 14.3 14.0 13.8

SD 4.0 6.0 5.6 48 4.5 5.0
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Appendix 6.1.2  Participant 7

Loaded on the Asymmetric Load (% BW)
contralateral side of Minor Lumbar Curve Major Thoracic Curve

apex location 0 |[25]| 5 |75|10 (125 0 |25| 5 | 75| 10 |125
Trial 1 89|76|96|86|62|65|17.5(125/9.2 |58 |85 ]| 65
Trial 2 63797994 |73|88|166[100| 71|62 |93 |79
Trial 3 75(19.1|80|72[69|96|182|86 |80 77|76 99
Mean 7682|8584 /68|83|174/104| 81 | 6.6 | 85 | 81
SD 13/08(10|11(06|16|08|20|11|1.0/|09 | 17
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