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Abstract

The manner in which movement is executed can influence biomechanical demand and
consequently the development of musculoskeletal disorders. Although modifying
movement execution can help regulate biomechanical demand by influencing tissue
loading and tolerance, it can also influence physical performance by influencing the ability
to exert force. Movement-based interventions to regulate biomechanical demand that
hinder physical performance can limit acceptability, sustainability, and effectiveness of
the intervention. Conversely, interventions to enhance physical performance that modify
movement execution in a way that imposes higher than necessary biomechanical
demand, can hinder physical development and long-term performance. However, the
development of comprehensive movement assessments and interventions that consider
both the impact on biomechanical demand as well as physical performance is challenged
by a scarcity of knowledge of how movement execution can influence physical
performance in multi-joint tasks. The global aim of this thesis was to investigate how
modifying posture and trunk muscle coordination can influence the ability to exert force

during isometric lifting.

Four studies were conducted to address the global thesis aim. Study 1 investigated
the effects of modifying trunk inclination and low back curvature on isometric lifting
strength as previous research has yet to clearly dissociate how these distinct postural
characteristics could influence the ability to exert force in multi-joint tasks such as lifting
from the ground. Results showed that modifying trunk inclination and low back curvature

can influence strength in multi-joint tasks substantially and to a similar extent. However,



the effect of modifying these postural characteristics interact and vary greatly across
individuals in magnitude (up to 620N of isometric lifting force) and direction
(increase/decrease). Thus, a single postural profile cannot be generalized as the
strongest for every individual and the ability to exert force in multi-joint tasks cannot be
inferred solely from posture. Additionally, the individually varying effects of posture on
strength suggests that individuals can adapt through movement training to be stronger in
postures that are favourable for tissue loading and tolerance. Assessing the L4/L5 joint
contact forces of the observed postures suggested that the effect of posture on
biomechanical loading is more consistent, and the biomechanical demand imposed by
flexing the low back outweighs any potential acute gain in isometric lifting strength.
Together this supports the recommendation to avoid highly flexed low back postures

during demanding physical activities.

Study 2 compared the immediate effects of a simple verbal directive and detailed
trunk muscle bracing coaching on isometric lifting strength, low back postural
displacement and trunk muscle co-contraction. Prior research has suggested that cueing
co-contraction of all the trunk muscles can enhance the ability to exert force in multi-joint
tasks but has not yet isolated the effect of modifying trunk muscle coordination on the
ability to exert force which may potentially depend on the approach used to cue trunk
muscle coordination. Detailed coaching which included a combination of verbal and
physical cues was more effective than the simple verbal directive at increasing trunk
muscle co-contraction (group mean co-contraction for the baseline, directive and coached
condition was 10.1%, 11.0% and 13.5% respectively) and decreasing low back postural

displacement (group mean change in low back flexion angle normalized to each
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individual’s maximum flexion range-of-motion for the baseline, directive and coached
condition was 21.4%, 19.5% and 17.2% respectively). However, both cueing approaches
immediately reduced isometric lifting strength to a similar extent (group mean peak
isometric lifting force for the baseline, directive and coached condition was 1194 N, 1109
N and 1096 N respectively). Results indicate that detailed coaching is more effective than
simple verbal directives at modifying trunk muscle coordination to restrict low back
postural displacement but cautions cueing trunk muscle coordination for the first time in
situations where peak force production is desired. Results also suggest that future
research should confirm acquisition and transfer of the targeted trunk muscle coordination
patterns as the full potential impact of modifying trunk muscle coordination may not be

completely apparent from observing the immediate responses to cues.

Motivated by the individually varying effects of posture on the ability to exert force
observed in Study 1, Study 3 evaluated the extent to which proxies for leverage derived
from kinematic quantities can statistically explain the individual variation in the effects of
posture on the ability to exert isometric lifting force. Prior research has used kinematic-
based proxies to describe and make inferences about how posture can influence leverage
in multi-joint tasks. However, these approaches do not capture all the mechanics involved
in multi-joint kinetics and the extent to which they may explain the individually varying
effects of posture on the ability to exert force in a multi-joint task has not yet been tested.
As expected, based on fundamental biomechanical principles, the kinematic-based
proxies for leverage that were investigated (joint-to-external force moment arms and
predicted joint-angle-dependent torque-generating capacities) explained a very low

proportion of variation (<17%) in the effects of posture on isometric lifting force. In
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contrast, variables derived from both kinematic and kinetic measurements such as the
net joint reaction moments calculated using a rigid linked segment model and inverse
dynamics explained a higher proportion of variation in the effects of posture on the ability
to exert isometric lifting force (approximately 80%). These results indicate that simplified
kinematic-based approaches cannot be used to assess the effects of posture on leverage
in multi-joint tasks on an individual basis. Instead, variables derived from both kinematic
and kinetic measurements such as the net joint reaction moments show promise for being

used in development of quantitative assessments of multi-joint leverage.

Study 4 investigated whether individuals maintain their potential for physical
performance when given instruction to avoid rounding the low back during light mass
lifting. Compared to prior movement-based interventions such as the squat lift technique
that vaguely describes whole body posture, targeting a key postural feature such as low
back flexion is theoretically expected to afford greater flexibility to self-organize the rest
of the body linkage to regulate biomechanical demand, without hindering physical
performance. However, using simple verbal directives to cue specific movement features
during low demand tasks may not acutely prompt individuals to prioritize physical
performance as they self-organize, rendering the intervention ineffective. Although
aggregate group level results indicated that low back postural instruction targeting
biomechanical demand decreased low back flexion during crate lifting and increased
isometric lifting strength in postures replicating those exhibited during crate lifting, there
was high heterogeneity in responses. Among the 37 of 40 participants classified as
individuals who could potentially benefit from decreasing their low back flexion, 15 and

22 participants were respectively classified as successful and unsuccessful in decreasing
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low back flexion in response to the instruction, to be within a range that minimizes passive
tissue strain. Though replicating the crate lifting posture to assess isometric strength
emerged to be challenging, there were individuals who increased (n=8), decreased (n=9)
and did not change (n=23) isometric strength, independent of their low back postural
response. Hence, although most participants appeared to maintain physical performance
potential when given simple verbal directives that target low back flexion to regulate
biomechanical demand, some participants responded in a manner that decreased
performance potential and many did not successfully decrease their low back flexion
within a range that minimizes passive tissue strain. This suggests a need for more
detailed movement coaching and training in research and practice to effectively modify

movement behaviour without hindering physical performance potential.

Overall, the results from this thesis indicate that the effects of modifying posture
and trunk muscle coordination on the ability to exert force in multi-joint tasks is complex
and can greatly vary across individuals. Additionally, modifying movement execution may
need to go beyond simple verbal directives to provide detailed movement coaching. The
findings support that considering the effects of movement execution on physical
performance has the potential to advance movement assessment and intervention
strategies. Yet, there is a need to develop approaches to capture the individually varying
effects of movement features such as posture on the ability to exert force in multi-joint
tasks to develop strategies that can effectively regulate biomechanical demand without
hindering physical performance as well as enhance physical performance without

imposing unnecessary biomechanical demands.
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Chapter 1 : General Introduction

The way we execute movement has been linked with low back disorders (LBD; Marras,
2008; Marras et al., 2016; McGill, 2009, 2016), which continues to be the global leading
cause of disability (Vos et al., 2016; Wu et al., 2020) and creates enormous health care
and worker disability costs (Hartvigsen et al., 2018). Specifically, the motions, postures,
and forces of the movement can influence biomechanical demand which encompasses
tissue loading and tissue tolerance, to influence risk of injury and perception of pain
(Cholewicki et al., 2019; Marras, 2008; Marras et al., 2016; McGill, 2009, 2016; Nelson &
Hughes, 2009). For this reason, solely reducing the external task demands (e.g. mass
lifted) does not necessarily reduce biomechanical demand and risk of developing LBD,
as the way in which individuals move have the potential to counteract task modifications
(Faber et al., 2007; McGill, 2009). This knowledge has motivated assessing and
modifying movement features such as trunk posture (Beach et al., 2018; Chan et al.,
2022; Frost et al., 2015; Gagnon et al., 2016; Pinto et al., 2018; van Dieén et al., 1999)
and trunk muscle coordination (Huxel Bliven & Anderson, 2013; Liebenson et al., 2009)
to manage biomechanical demand. However, solely focusing on the effects of
biomechanical demand may be inappropriate as modifying trunk posture or muscle

coordination may also influence physical performance.

Physical performance is not just relevant in contexts where the objective is peak
performance such as athletic endeavours. For example, a squat lift technique to maintain
a vertical trunk inclination has been promoted for decades in manual materials handling

training research and practice (Denis et al., 2020; van Dieén et al., 1999) and continues



to be perceived as the safest technique across untrained individuals, trained individuals,
and manual materials handling trainers (Abdoli-Eramaki et al., 2019). However, adopting
a squat technique when lifting from the ground can decrease isometric and isokinetic
lifting strength (Kumar & Garand, 1992), increase energy expenditure (Garg & Herrin,
1979; Kumar, 1984; Welbergen et al., 1991), be perceived as more exerting (Straker &
Duncan, 2000) and reduce the ability to balance (Chow et al., 2005; Heiss et al., 2002).
These factors can hinder task performance and have been suggested to be responsible
for the poor adherence and adoption of the squat lift technique by individuals (Denis et
al.,, 2020). Thus, understanding how movement execution can impact physical
performance is also of interest in submaximal tasks where the objective is not peak

physical performance.

Previous research has focused on how modifying posture or trunk muscle
coordination can influence biomechanical demand, but less attention has been given to
the effects on physical performance. For instance, the effects of posture on the ability to
exert force at the end-effector during multi-joint tasks has primarily been investigated by
comparing postural techniques that encompass vaguely defined whole-body postural
profiles. The squat and stoop lift (Kumar & Garand, 1992), and the conventional and sumo
deadlift (Cholewa et al., 2019; Cholewicki et al., 1991; Escamilla et al., 2000) are
examples of techniques that have been investigated to determine the effects of posture
on lifting strength. However, investigating postural techniques has limited inferences that
can be made about how to modify movement execution as the execution of these
techniques can vary based on each individual's interpretation of the given instruction

(Abdoli-Eramaki et al., 2019) and capacity to perform the movement (Beach, Frost, Clark,



et al.,, 2014; Li & Zhang, 2009; Patterson et al., 2022), which results in individual
differences in posture. This variation contributes to the conflicting results reported by prior
studies which has made the impact of modifying posture on the ability to exert force
unclear as some show an effect (Kumar & Garand, 1992) whereas others do not (Cholewa
et al., 2019). Technique comparison studies have not typically statistically accounted for
or experimentally controlled for individual differences in specific postural features such as
trunk inclination and low back curvature, challenging a conceptual framework for how

posture can influence the ability to exert force.

Inferences made from prior research have also led to the emergence an interesting
paradox which suggests that peak physical performance requires postures that impose
higher biomechanical demands. Specifically, while low back flexion can increase tissue
loading (Potvin et al., 1991; Zwambag & Brown, 2020) and reduce the tolerance of
functional spinal units to loading (Callaghan & McGill, 2001; Gallagher et al., 2005;
Gunning et al., 2001; Howarth & Callaghan, 2012), back extensor strength appears to
increase with trunk flexion which is a combination of trunk inclination (i.e. hip flexion) and
low back flexion (Daggfeldt & Thorstensson, 2003; Gallagher, 1997; Graves et al., 1990;
Kocjan & Sarabon, 2014; Tan et al., 1993). This highlights a further challenge in the
literature, which is that there has often been a lack of a clear distinction between trunk
inclination and low back curvature. Although it remains unclear if increases in back
extensor strength with trunk flexion are due to trunk inclination or low back curvature,
back extensor strength alone does not necessarily indicate how force exerted at the end-
effector during multi-joint tasks such as the hands during lifting, will be impacted by trunk

posture. It is necessary to investigate if this paradox between biomechanical demand and



physical performance indeed exists in the physical performance of multi-joint tasks, to
appropriately guide strategies to enhance physical performance and development. For
instance, if efforts to increase physical capacity such as exercise training are performed
with movement execution that imposes higher than necessary biomechanical demand to
increase acute physical performance based on the above-mentioned paradox, the
resulting adaptations to training can be disadvantageous by increasing the risk of

developing pain or injury.

Apart from the effects of posture on the ability to exert force in multi-joint tasks,
trunk muscle coordination has been suggested to improve force exertion at the end-
effector in multi-joint tasks (Kibler et al., 2006; McGill, 2010, 2011). Training the trunk
muscles has been advocated as an important component to low back health as well as
physical performance during daily living and athletic endeavours (Granacher et al., 2013;
Huxel Bliven & Anderson, 2013; Saeterbakken et al., 2022). However, the effects of
cueing trunk muscle coordination to influence the ability to exert force at the end-effector
has only been speculated from observing the behaviour of elite strength athletes (McGill,
McDermott, et al., 2009) or results from training studies that can elicit adaptations in
muscle strength in addition to muscular coordination (Lee & McGill, 2017; Tayashiki et
al., 2016). This confounds the interpretation of how trunk muscle coordination can impact
the force exerted at the end-effector in multi-joint tasks. Furthermore, scarce evidence is
available on how trunk muscle coordination should be cued to influence physical
performance. Yet, trunk muscle coordination is cued in research and applied settings

using a range of approaches from simple directives (Bressel et al., 2012; Richardson et



al., 1992; Tayashiki et al., 2015, 2016) to detailed coaching involving a series of verbal

and physical cues (McGill, 2016; Starrett & Cordoza, 2015).

There is a scarcity of knowledge on how posture and trunk muscle coordination
can influence physical performance such as the ability to exert force at the end-effector
in multi-joint tasks (e.g. exert force at the hands during lifting). This has limited the
development of quantitative approaches to assess how an individual’'s movement can
influence their ability to exert force at the end-effector as well as strategies to modify
movement to enhance physical performance. Investigating the effects of posture and
trunk muscle coordination on physical performance can inform the development of more
comprehensive strategies to assess and modify movement that considers both
biomechanical demand in concert with physical performance. This can advance
strategies to effectively regulate biomechanical demand without hindering physical
performance as well as enhance physical performance without imposing unnecessary

biomechanical demands.

1.1 Global Thesis Aim

The global aim of this thesis was to investigate how modifying posture and trunk muscle

coordination can influence the ability to exert force during isometric lifting.

To address this global aim, 4 studies were performed. The first 2 studies (Chapters
4 and 5) involved within participant comparisons of isometric lifting strength across
different postures and trunk muscle coordination patterns, to investigate how modifying
these movement features may impact the ability to exert force at the hands in a position

emulating lifting from the ground. Study 3 (Chapter 6) examined if existing kinematic-



based proxies for leverage could statistically explain the individual variation in the effects
of posture on isometric lifting strength that were observed in Study 1 (Chapter 4). Given
the heterogeneity observed in the effects of posture on isometric lifting strength observed
in Study 1 (Chapter 4), Study 4 (Chapter 7) investigated if individuals self-organize their
whole-body posture to maintain their ability to exert isometric lifting force, in response to

cues targeting low back posture.

1.2 Specific Research Questions, Objectives and Hypotheses:
The specific research questions and objectives are summarized in Figure 1.1. What
follows is a brief elaboration of the rationale supporting each research question, objective,

and hypothesis.



RQ1: To what extent do trunk RQ2: How does cueing trunk muscle
inclination and low back curvature coordination influence lifting
influence lifting strength? strength?

Dbjective: Investigate the Objective: Compare the immediate

independent and interacting effects of effects of a simple verbal directive to

trunkinclination and low back “activate your core” and detailed trunl

curvature on maximal isometric lifting muscle bracing coaching, on maximal

strength. isometric lifting force, lumbar spine
postural deviation and trunk muscle co-
contraction.

RQ3: Can kinematic-based proxies for leverage explain the
individually varying effects of posture on strength in multi-joint
tasks?

Dbjective: Examine the extent to which proxies for leverage derived
from kinematic quantities can statistically explain the individual variation
in the effects of posture on the ability to exert isometric force in multi-
joint lifting.

Y
RQ4: How is lifting strength impacted by low back postural cues
during low strength demand tasks?

Dbjective: Observe how instruction to avold roundng the low baclk
during light mass liting immediately impacts isometric lifting strength of
the adopted posture.

Figure 1.1: Overview of thesis research questions (RQ) and objectives. Research
guestions 1 to 4 represent Studies 1 to 4.




Research Question 1: To what extent do trunk inclination and low back curvature

influence lifting strength?

Study 1 Rationale: Trunk inclination and low back curvature have long been

targeted in movement assessment and coaching within both health and human
performance settings, as they uniquely influence low back biomechanical demand.
Each of these postural characteristics can also be independently modified. Trunk
inclination can be modified by whole-body postural changes involving the ankles,
knees, and hips without requiring changes in low back curvature, whereas low
back curvature can be modified through pelvis and ribcage rotation. Modifying
these postural characteristics may also distinctly influence the ability to exert force
at the end-effector in multi-joint tasks, which can influence task performance.
However, the effects of modifying trunk inclination and low back curvature on force

exertion at the end-effector during multi-joint tasks have not been dissociated.

Study 1 Obijective: Investigate the independent and interacting effects of trunk

inclination and low back curvature on maximal isometric lifting strength.

Study 1 Hypothesis: It was hypothesized that the effects of changing trunk

inclination on maximal exerted lifting force would be greater than changing low
back curvature since changing trunk inclination would influence the contributions
of more joints and muscles to the force exerted at the end-effector (i.e. hands). It
was also hypothesized that the effects of trunk inclination and low back curvature
would interact such that the effect of either postural characteristic would depend

on the other.



Research Question 2: How does cueing trunk muscle coordination influence lifting

strength?

Study 2 Rationale: Various approaches have been used in research and applied

settings to cue trunk muscle co-contraction, which is colloquially referred to as
bracing, ranging from simple verbal directives to detailed coaching involving
combinations of verbal and physical cues. Cueing bracing has been shown to
prevent low back postural displacement which can aid in increasing structural and
tissue tolerance of the spine. Although co-contracting the trunk muscles can
reduce the net effect of the agonist muscles, some evidence has suggested that
bracing may potentially improve force exerted at the end-effector in multi-joint
tasks. However, this previous evidence has not isolated if the observed effects are
solely due to trunk muscle coordination and if cueing bracing is effective at
immediately increasing force exertion in multi-joint tasks. Further, it is unknown if
simple verbal directives are sufficient in comparison to detailed coaching of trunk
muscle co-contraction in influencing muscle coordination and the ability to exert

force at the end-effector.

Study 2 Objective: Compare the immediate effects of a simple verbal directive to

“activate your core” and detailed trunk muscle bracing coaching, on maximal
isometric lifting force, low back postural displacement and trunk muscle co-

contraction.

Study 2 Hypothesis: It was hypothesized that detailed coaching would be more

effective than simple directives at creating co-contraction that stiffens the spine to



reduce low back postural displacement and increase maximal end-effector

isometric lifting force production.

Research Question 3: Can kinematic-based proxies for leverage explain the individually

varying effects of posture on strength in multi-joint tasks?

Study 3 Rationale: Prior research has proposed kinematic quantities such as the

joint-to-external force moment arms and predicted joint angle-dependent torque-
generating capacities to infer leverage and hence the effects of posture on
strength. If these proxies or predictors of leverage that are derived from kinematic
guantities can reasonably capture the individual variation in the effect of posture
on kinetic quantities like strength, it may then become feasible to make inferences
about the effects of posture on strength in practice settings as there are kinematic
measurement techniques that are simple to use and accessible. However, these
kinematic-based proxies for leverage do not incorporate biomechanical properties
known to affect multi-joint kinetics and the extent to which they may explain the
individually varying effects of posture on the potential to exert force has not yet

been verified.

Study 3 Objective: Examine the extent to which proxies for leverage derived from

kinematic quantities can statistically explain the individual variation in the effects

of posture on the ability to exert isometric force in multi-joint lifting.

Study 3 Hypothesis: Consistent with fundamental biomechanical principles, it was

hypothesized that the variables derived from both kinematic and kinetic data (net

joint reaction moments calculated using a rigid link model and inverse dynamics)
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would explain a higher proportion of the individually varying effects of posture on
the ability to exert isometric lifting force compared to the variables derived solely
from kinematic quantities (external moment arms and predicted joint torque

capacity).

Research Question 4: How is lifting strength impacted by low back postural cues during

low strength demand tasks?

Study 4 Rationale: Movement-based interventions to reduce biomechanical

demand may be ineffective and unsustainable if they hinder physical performance.
Targeting specific movement features (e.g. lumbar curvature) as opposed to a
single general whole-body postural technique (e.g. squat lift) hypothetically affords
performers with greater flexibility to regulate biomechanical demand without
compromising performance potential. However, using simple verbal directives to
cue specific movement features during tasks with low external demands may not
acutely prompt individuals to prioritize physical performance as they self-organize,
eventually making the intervention ineffective. For example, responding to low
back postural cues in a manner that reduces the ability to exert force during light
mass lifting that does not acutely require high force exertion at the end-effector,
can reduce physical performance potential by initiating and accelerating fatigue
due to the increase in relative effort required to perform the task. However, it is
unknown if every individual maintains their ability to exert force as they self-

organize in response to low back postural cues.
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Study 4 Objective: Observe how instruction to avoid rounding the low back during

light mass lifting immediately impacts isometric lifting strength of the adopted

posture.

Study 4 Hypothesis: Based on the results from Study 1, it was hypothesized that

not every individual would respond to simple verbal instruction during light mass

lifting in a manner that maintains strength.
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Chapter 2: Literature Review

2.1 Low Back Disorders

Low back disorders (LBD) are the global leading cause of disability (Vos et al., 2016; Wu
et al., 2020) and has been associated with an increased risk of mortality (Martin et al.,
2020). The prevalence of LBD has increased by over 54% between 1990 and 2015 (Vos
et al., 2016), creating enormous health care and worker disability costs (Hartvigsen et al.,
2018). In this thesis, LBD are considered to broadly encompass injury or pain in the low

back region.

The majority of LBD cases have been categorized as non-specific where a
pathoanatomical cause cannot be determined (Han et al., 2022; Maher et al., 2017). Koes
et al., (2006) suggested that over 90% of cases are considered non-specific. Only a few
causes such as infection, compression fracture, spondyloarthropathy, malignancy,
radiculopathy, and spinal canal stenosis have been accepted as specific causes (Maher
et al., 2017). There is a vast diversity and complexity in individual patient presentation,
influenced by comorbidities, biological, psychological and social factors, that can
modulate pain processing (Hartvigsen et al., 2018). This multifactorial complexity has
greatly challenged the ability to identify subgroups within non-specific LBD, but does not
reduce the need for identifying biological mechanisms in phenotypically distinct
subgroups (Buchbinder et al., 2018). In fact, the prominent belief among clinicians is that
non-specific LBD are not a homogenous condition (Kent & Keating, 2004). Numerous
clinical approaches have aimed to subgroup LBD in order to guide intervention (Hefford,

2008; Maluf et al., 2000; McGill, 2016; O’Sullivan, 2005). Treatment based on such
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subgrouping approaches have also been shown to be more effective when compared to
following general treatment guidelines (Fritz et al., 2003) but the magnitude of this effect
in research to-date has been considered to be not clinically meaningful with no strong
evidence supporting the selection of one subgrouping approach over another (Tagliaferri
et al., 2022). Although many of these approaches can be considered evidence based,
there is a limited ability to objectively quantify the causality inferred from the associated
experimental evidence or asses the effectiveness of a specific approach which to some
extent is obscured by the multifaceted complexity involved (Rabey et al., 2015). This has
challenged the widespread adoption of any of these schemes (Chou et al., 2007; May et

al., 2006).

Fundamentally, most subgrouping schemes that assist the targeting of clinical
intervention involve a biomechanical based evaluation that aims to identify loading
strategies and modify movement through non-pharmacological treatment, education and
exercise (Karayannis et al., 2012). This is not surprising as biomechanics research has
demonstrated a strong association between movement execution and LBD, attributed to
the effect of movement execution on biomechanical demand (Butera et al., 2016; Corbett
etal., 2019; Marras, 2008; McGill, 2016; Swain et al., 2020). There are complex biological,
psychological and sociological factors that contribute to pain and can modulate pain
processing (Hainline et al., 2017; Moseley, 2017). Although the movement biomechanics
may not be deemed as the primary cause for a case of LBD when considering the
multifactorial contributors, the importance of movement biomechanics and the need to
improve our understanding of human movement through the broad and diverse lens of

biomechanics is undisputable (Cholewicki et al., 2019). Most LBD certainly influence
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movement, but perhaps more importantly changing movement can relieve pain from LBD
(Cholewicki et al., 2019; lkeda & McGill, 2012). In fact, the most effective known
prevention and treatment for chronic LBD is movement in the form of exercise
(Fernandez-Rodriguez et al., 2022; Huang et al., 2020; Steffens et al., 2016). However,
the prescription of movement training and exercise is greatly hindered by the current
knowledge and understanding of mechanisms of action to inform targeted prescription
(Wood et al.,, 2020). Even if the goal is to just maintain general fitness and avoid
deconditioning (Tagliaferri et al., 2020), there is a need to execute the exercise in a way

that does not create or exacerbate pain.

2.2 Lifting and Low back Disorders

There is evidence that lifting has been associated with LBD as early as the 1950s with
recognition that the execution of the movement is of importance, and recommendations
to use a squat lift technique (Bauwens & Coyer, 1955; Millikan, 1954). Since then,
evidence has increased and supported the association between lifting and LBD reporting
(Coenen et al., 2014; Nelson & Hughes, 2009; Norman et al., 1998; Wai et al., 2010).
Evidence has also increased to elucidate mechanisms through which movement can
influence internal tissue exposures which can contribute to the risk of experiencing LBD

(Marras, 2008; McGill, 2016).

Lifting techniques such as the squat and stoop lift, have been investigated since
the 1970s (Garg & Herrin, 1979) to understand the underlying biomechanical,
psychophysical, psychological, and physiological factors that may support recommending
a “proper” technique (Straker, 2003). Using advanced and sophisticated biomechanical
models to estimate the internal tissue forces across these different lifting techniques has
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not provided conclusive results (Bazrgari et al., 2007; Kingma et al., 2004, 2010; Potvin,
McGill, et al., 1991; von Arx et al., 2021). This may be attributed to the differences in
modelling procedures (von Arx et al., 2021) as well as their sensitivity to the inter-
individual variation in body and spine posture that occurs in the execution of each
technique (Abdoli-Eramaki et al., 2019; von Arx et al., 2021). The variation in the
execution of each technique has also made it difficult to identify specific movement
features that should be targeted to manage exposures. Sophisticated biomechanical
models are difficult to replicate and not easily accessible leading most researchers to use
the net joint moment to estimate and infer internal low back loading. Apart from the
guestionable effectiveness of promoting the squat technique to manage low back
exposures (van Dieén et al., 1999), it continues to be focussed on as the best technique
in manual materials handling training research and practice (Denis et al., 2020), as well
as being perceived as the safest technique by both untrained individuals, trained
individuals and trainers (Abdoli-Eramaki et al., 2019). Interestingly, adopting a squat
technique can decrease strength (Kumar & Garand, 1992), increase energy expenditure
(Garg & Herrin, 1979; Kumar, 1984; Welbergen et al., 1991), be perceived to be more
exerting (Straker & Duncan, 2000) and reduce the ability to balance (Chow et al., 2005;
Heiss et al., 2002). These factors can hinder task performance and have been suggested
to be responsible for the poor adherence and adoption of the squat technique by
individuals (Denis et al., 2020). Given these findings it is clear that movement behaviours

can influence both exposure and performance.

To overcome the issues associated with conceptualizing movement as

“techniques” and access to sophisticated approaches to estimating internal exposure,
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some have recognized spine posture as a specific movement feature that can be targeted
to manage exposures (Beach et al., 2018; Chan et al., 2022; Frost et al., 2015; Gagnon
et al., 2016; Pinto et al., 2018). Spine flexion can increase the shear loading on the spine
and redistribute forces to passive tissues (Khoddam-Khorasani et al., 2020; Potvin,
McGill, et al., 1991; Zwambag & Brown, 2020). Repetitive and prolonged spine flexion
can contribute to exposure but can also influence the viscoelastic state of tissues
disturbing their function (Abboud et al., 2018; Pinto et al., 2021; Sanchez-Zuriaga et al.,
2010; Solomonow, 2012). In addition to these changes in exposure, functional spinal units
are also less tolerant in flexed postures (Callaghan & McGill, 2001; Gallagher et al., 2005;
Gunning et al.,, 2001; Howarth & Callaghan, 2012) and less capable of actively
counteracting potentially harmful anterior shear forces in flexed postures (Pinto et al.,
2021; Potvin, Norman, et al., 1991). It is also relatively easier to estimate and interpret
spine flexion compared to internal joint forces or the net joint moment which is not as
easily relatable to internal joint forces. These factors have motivated targeting a reduction
in spine flexion. However, targeting and evaluating spine posture alone may not be
sufficient in modifying movement in an effective and sustainable manner. Given
appropriate feedback, individuals may certainly decrease spine flexion but this
accompanies varying changes in body posture and muscle activity which could be
counteractive, inefficient or unsustainable (Pinto et al., 2018; Pinto & Dickerson, 2021).
For instance, some may adopt a squat technique due to a preconceived notion that it is
synonymous with avoiding spine flexion (Pinto et al., 2018), which may reduce spine

flexion but may also hinder task performance and adherence to the intervention.
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2.3 Effects of Movement on Pain and Injury

The way we move has been exclusively evaluated within the field of biomechanics,
guantifying the movement execution and forces involved (Winter, 2009). External forces
that act on the body from the external environment (e.g. gravity, handheld objects) as well
as internal forces created by the body, expose the composite musculoskeletal tissues
(e.g. muscles, ligaments, joints) and systems (e.g. circulatory and nervous system) to
forces. This exposure can lead to injury or pain which is dependent not just on the
instantaneous exposure, but the exposure history, properties of the tissue and pain

sensitivity.

Tissues vary in composition and organization (i.e. structure) resulting in different
mechanical characteristics such as strength and toughness. Biological tissues are also
viscoelastic. Hence, their mechanical response can differ due to composition and
hydration but are also dependent on the characteristics of the applied force such as
magnitude, rate, duration, and direction (Kalkhoven et al., 2020; Kumar, 2001; Mueller &
Maluf, 2002). Tissue architecture and non-uniformity make length or posture a modifier
of its mechanical behaviour and tolerance (Gunning et al., 2001; Howarth & Callaghan,
2012; Kumar, 2001). Changes in mechanical behaviour can occur due to exposure history
(e.g. frequency and duration of exposure causing fatigue or viscoelastic changes), which
can reduce tissue tolerance (Kalkhoven et al., 2020; Kumar, 2001; Mueller & Maluf, 2002)
and influence function (Pinto et al., 2021; Solomonow, 2012). Exposures exceeding the
tolerance of a specific tissue causes damage (Kumar, 2001). Yet, due to the dynamic
nature of tolerance low level exposures can be cumulative, resulting in reduced tolerance,

eventually causing damage (Kumar, 2001).
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When exposure exceeds the tolerance of a tissue, damage occurs which can
provide a noxious stimulus to activate nociceptors to elicit pain (Hainline et al., 2017;
Loeser & Treede, 2008). Sub tolerance exposures causing micro-damage, potential
damage or inflammation may also provide a noxious stimulus (Hainline et al., 2017). The
nervous system can also be influenced by exposures in a similar way to musculoskeletal
tissues such that acute and repetitive exposures can cause disruption and damage, but
can cause pain without provocation from a noxious stimulus, categorized as neuropathic
pain (Hainline et al., 2017; Mueller & Maluf, 2002). In addition to these effects of exposure
on the tissues of the body, the occurrence of pain is dependent on the sensitivity to pain,
which can also be influenced by exposure to forces. Inflammation generated from
exposures can decrease the pain threshold making an individual more sensitive to
noxious stimuli and making innocuous stimuli painful (Marras et al., 2016). Physical
exposures and their accumulation over time can also contribute to influencing
psychological factors such as mood and anxiety as well as the nervous system which can
influence pain sensitivity (Anish, 2005; Daenen et al., 2015; Hainline et al., 2017).
Cumulative exposures can also impact lifestyle factors such as sleep that can inhibit

recovery and increase pain sensitivity (Hainline et al., 2017).

Although exposure to forces can decrease both tissue tolerance and pain threshold
in the short term, if appropriate and accompanied by recovery, adaptation can occur to
increase tissue tolerance and pain threshold (Belavy et al., 2021; McGill, 2009). Yet, too
low or too high of a stimulus can result in decreasing tissue tolerance and pain threshold
(Daenen et al., 2015; McGill, 2009; Sluka et al., 2018). Adaptation can also be hindered

without adequate recovery.
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Given these multiple mechanisms through which exposures can influence the
development and experience of pain and injury, it is imperative to manage exposures.
Managing exposures may not only offer a means of risk reduction but also help enhance
adaptation. Exposure management in physical training and ergonomics have focused on
the task demands, regulating the external load, repetition, duration and frequency but
also modifying or selecting tasks that require less mechanical work (Gabbett, 2016;
McGill, 2009). However, these modifications are limited to the extent that the intended
objective of the physical training or work needs to still be achieved. Since each type of
tissue or system has different tolerances but also different capacities for recovery and
adaptation (Buckwalter & Grodzinsky, 1999; Kannus et al., 2007; Vila Pouca et al., 2021),
the internal distribution among these tissues is important to consider when trying to

manage exposures (Kalkhoven et al., 2021).

The internal distribution of forces is primarily modulated by the way movements
are coordinated and controlled (see section 2.3). If the internal distribution is transferred
to tissues with lower tolerances or lower capacity for recovery and adaptation, the risk of
these activities can be higher. Changes to a task may certainly reduce the occurrence of
a high exposure but low exposures and exposure history are also important to consider
due to the dynamic nature of tissue tolerance and pain sensitivity. Although changing a
task can allow for reduced exposure and mechanical work required, individuals can vary
in their movement behaviour in ways that counteract the benefits of any such changes
(Faber et al., 2007). Similarly, efforts to increase tissue tolerance and pain threshold
through prescribed movement (i.e. exercise) can be attenuated or even disadvantageous

if the manner in which the movement is executed results in creating an inappropriate
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stimulus or provides additional tolerance reducing exposure. This becomes even more
vital when trying to increase tolerance and capacity, where progressively increasing
exposure to stimulate adaptation is desired. The influence of movement can not only
reduce the risk of developing pain and injury but may also help target the desired
adaptation more effectively by distributing exposures to the tissues of interest and
allowing for training more of the desired stimulus across the training cycle. Thus,

exposure management should include managing how the movement is executed.

2.4 Evaluating the Effects of Movement on Exposure

Biomechanics research has advanced the estimation of the forces created and
experienced by the body’s composite musculoskeletal tissues and structures (e.g.
muscles, ligaments, joints). These internal forces can be compared to the physiological,
neurological and mechanical properties of the respective tissues and systems, to evaluate
the impact of movement profiles (e.g. efficiency, control and exposure). Unlike external
forces that act on the body from the external environment (e.g. gravity, handheld objects),
internal forces are difficult to directly measure non-invasively. Biomechanical models
provide a non-invasive means to estimate the internal forces which has greatly improved

our understanding of how the body functions (Dreischarf et al., 2016).

To estimate internal forces, biomechanical modelling has created inverse and
forward dynamics problems (Buchanan et al., 2004; Herzog, 1996). Inverse dynamics
uses the applied external forces (e.g. ground reaction force), kinematics and
anthropometrics as inputs into a model of the whole or a part of the body or limb as a

group of linked rigid segments to determine the transfer of forces from the point of
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application from the external environment, to the joint of interest (Hof, 1992). The net
reaction moment about a joint of interest provides an estimate of the demand that the
internal tissues of the joint need to meet. Using musculoskeletal models of the internal
system, the net joint reaction moment can be distributed across the tissues to estimate
exposure (McGill & Norman, 1986). Forward dynamics compares simulated outputs from
theoretical musculoskeletal models to experimentally measured outputs, to determine
how the system functions and the internal forces that occur during movement (Buchanan
et al., 2004; Dowling, 1997). Both approaches offer unique insight into musculoskeletal
function, hybrid approaches have been developed to help tune the process towards an
estimate of internal forces that encompasses the unique features of each approach
(Buchanan et al., 2004). Thus, there are a variety of approaches that have been used to
estimate internal forces. In addition to variation in the general approaches mentioned,
variation is introduced by differences in how the input data are collected and analyzed
(De Luca, 1997; Della Croce et al., 2005; Edwards et al., 2011; Leardini et al., 2005;
Winter, 1991), as well as the representation of anatomical features and their dynamics
within a model (Barrett & Callaghan, 2021; Brown, 2004; Herzog, 1996; Zajac & Gordon,
1989). Each model has strengths and limitations, but unfortunately the outputs cannot be
easily verified. Importantly, the development of these models has advanced the
knowledge of what biomechanical factors contribute to the internal dynamics and how

they do so.

Using these biomechanical models, the internal forces can be estimated during
movement. These estimates can be compared to the generalized mechanical behaviour

of the underlying tissues to interpret the impact of the movement on different tissues.
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However, many of these models can be challenging to implement, especially outside of
a biomechanics laboratory, as they require extensive data collection procedures and
analyses as well as expertise, limiting their accessibility and utility. Additionally, these
estimates only convey information of the resultant exposure, which is the compilation of
multiple biomechanical variables sensitive to different movement features. In estimating
the low back internal loading for instance, the net joint moment, body morphology and
muscle forces can all contribute to internal loading (Dreischarf et al., 2016; Marras, 2012;
McGill & Norman, 1986). The net joint reaction moment can be influenced by the position
and velocity of body segments relative to each other, gravity and any external forces. The
anatomical geometry will be influenced by spine posture and the muscle forces can be
associated with neuromuscular activity. These movement features can differentially
contribute to the estimated exposure but how they do so is not directly apparent from the
exposure estimates. Thus, biomechanical models provide a tool to investigate the link
between movement and exposure, but need to be used in a manner that elucidates this

link.

2.5 Modifying Movement to Manage Exposure

Due to the influence of movement behaviour on tissue loading and tolerance, modifying
movement can potentially assist in managing exposures (Beach et al., 2019; Cudlip et
al., 2022; Faber et al., 2007; Frost et al., 2015; Ikeda & McGill, 2012; McGill, 2009; van
Dieén et al., 1999). Managing the exposure of tissues to forces can help prevent overload
and provide an opportunity for recovery and adaptation (Kalkhoven et al., 2020; Kumar,
2001; Mueller & Maluf, 2002). This is of particular interest in contexts such as repetitive

work and physical training, as the chronic nature of these exposures can accumulate and
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result in reducing tolerance and increasing risk of developing pain or injury (Hainline et
al., 2017; Kalkhoven et al., 2020; Kumar, 2001; Mueller & Maluf, 2002). Yet, there is a
need to understand what about movement should be targeted and how it should be
targeted. Specifically, movement features that can be comprehended, observed, cued,

and modified need to be identified (Knudson, 2021; McPherson, 1996).

In order to understand how different features of movement contribute to the
resultant internal exposure estimates, the results from biomechanical modelling, typically
joint forces, can be interpreted alongside the inputs by deconstructing or reverse
engineering the result. This has helped understand how movement can influence
exposure when comparing different groups or individuals such as novices and experts
(Gagnon et al., 2016; Lett & McGill, 2006; McGill, McDermott, et al., 2009) or those with
and without LBP (Marras et al., 2001). However, this approach only provides examples
of how different movement features can modify exposure. It does not provide sufficient
information to guide movement evaluation without estimating internal exposure nor does
it entirely inform on how different movement features should be prioritized and targeted

to manage exposures across different tasks and environments.

Towards creating evidence to inform how movement should be targeted to manage
exposures, different types of movement strategies that can be used for a given task, have
been categorized as “techniques” to allow for comparison. For example, a squat lifting
technique that focuses primarily on bending the knees and keeping the torso upright, has
been compared to a stoop lifting technique where the torso bends forward while keeping
the knees nearly extended (Straker, 2003). The internal forces primarily evaluated are

lumbar spine joint compression and shear forces, showing inconsistent results across
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studies (Bazrgari et al., 2007; Kingma et al., 2004, 2010; Potvin, McGill, et al., 1991; von
Arx et al., 2021). Differences between studies have been attributed to variations in the
modelling approaches used. However, using a consistent modelling approach revealed
that the internal exposure created by each technique can interact with the task constraints
such that there is no ideal technigue that can be recommended across every task (Kingma
et al., 2004, 2010). Each context may require a modified or different technique, but it is
impractical to empirically evaluate every situation to determine the best technique for
every task. Further modification may be required to address inter-individual differences
(Beach et al., 2019). Instructing participants to perform a squat or stoop technique can
result in considerable variation in how the technique is performed, influencing the
resultant exposure estimate (von Arx et al., 2021). This variation can be subject to an
individual’s interpretation (Abdoli-Eramaki et al., 2019) and capacity (e.g. joint mobility or
strength) to perform the movement (Beach, Frost, Clark, et al., 2014; Li & Zhang, 2009;
Patterson et al., 2022). Conceptualizing movement as a “technique” does not control the
variation in orientation between body segments (i.e. body posture) or spine posture, each
of which contribute distinctly to internal exposure (Dreischarf et al., 2016; Marras, 2012;
McGill & Norman, 1986). The squat and stoop, for example, focus vaguely on whole-body
position and does not control for differences in specific postural features such as spine
posture which can influence the internal distribution of forces (Khoddam-Khorasani et al.,
2020; Potvin, McGill, et al., 1991; von Arx et al., 2021). Thus, there is a need for an
improved approach to target movement in exposure management, that encompasses
how movement can be modified given the individual, task and environmental constraints

(Denis et al., 2020).
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Humans observe movement instantaneously as position in space and when
considering the dimension of time, the motion can also be described, for instance by the
speed at which the movement was performed (Skjaerven et al., 2008). Hence, it is
feasible to qualitatively observe and comprehend kinematic movement features such as
the relative position of different body segments with respect to each other (i.e. body
posture) or the posture of a joint or set of joints such as the spine posture (Abbott et al.,
2022). However, due to the different effects of body posture and spine posture on
exposure, there is a need to distinguish between them. Muscle forces are not as easy to
empirically measure or visually observe, but also distinctly influence exposure. This has
led some to also cue and coach muscle coordination. Due to muscles having shorter
moment arms relative to the spine compared to the moment arm of an external force, the
muscles can be considered at a mechanical disadvantage, requiring them to generate
much larger forces than the external force itself (Jorgensen et al., 2003). Additionally,
muscles do not work in isolation but coordinate and co-activate in numerous different
combinations, potentially requiring additional force production by agonist and synergistic
muscles to account for antagonistic muscles (Granata & Marras, 1995). Although these
trunk muscle forces impose compression on the spine, they are necessary for motor
control (Gribble et al., 2003). The isolated osteoligamentous spine is a flexible column
and buckles with approximately 90 N of compressive force (Crisco et al., 1992) requiring
the trunk muscles to coordinate to stabilize the structure of the spine (Reeves et al., 2007).
Hence, the low back has been conceptualized to require muscles to co-contract to provide
stiffness due to the lack of structural stability from the skeleton and the multiple degrees

of freedom available for motion. Researches have conceptualized a U-shaped
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relationship describing a need for trunk muscle co-activity to provide stiffness to stabilize
the spine, such that insufficient muscle activity and excessive muscle activity can both be
problematic (Cholewicki & McGill, 1996). However, the extent to which muscle activity is
insufficient or excessive is unknown and not defined. Due to the complex nature of muscle
activity and coordination, it becomes very difficult to evaluate and target it to modify

exposure.

Training the trunk muscles has been advocated as an important component to low
back health as well as physical performance during daily living and athletics (Granacher
et al., 2013; Huxel Bliven & Anderson, 2013; Saeterbakken et al., 2022). In addition to
improving strength, endurance and tolerance, trunk muscle training is believed to improve
muscular coordination and control of the spine leading to an enhanced ability to transfer
forces and coordinate movement (Kibler et al., 2006). Practitioners have adopted different
methods for cueing specific muscle activity and control, such as abdominal bracing to
create trunk stiffness (Huxel Bliven & Anderson, 2013). Intentionally stiffening the spine
through muscular co-contraction can provide stiffness and is hypothesized to increase
stability (Grenier & McGill, 2007; McGill, Karpowicz, et al., 2009). Low back pain patients
that lack sufficient stiffness may benefit from abdominal bracing (Hicks et al., 2005), and
its use has carried over to exercise and physical training (Huxel Bliven & Anderson, 2013;
McGill, Karpowicz, et al., 2009; McGill, McDermott, et al., 2009; McGill, 2011; McGill &
Marshall, 2012). Abdominal bracing during light lifting, similar to what may be performed
in the workplace, reduces lumbar spine motion and lumbar extensor activity (Coenen et
al., 2017). Yet, it is unclear if adopting this activation technique sufficiently reduces

exposure as the co-activity can increase joint forces (Grenier & McGill, 2007; McGill,
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Karpowicz, et al., 2009) and cueing individuals to attend to their trunk muscle coordination
can impair motor control (Reeves et al., 2006). There remains a need to understand how

muscular activity should be evaluated and targeted beyond its effects on exposure.

2.6 Movement Effects on Physical Performance

Biomechanical movement evaluation has focused on evaluating exposures, typically at a
specific joint of interest such as the low back. Consequently, movement has been
targeted with the goal of reducing low back exposure. For instance, manual materials
handling training has idealized and promoted the squat technique for lifting. Yet, its
effectiveness has been questioned (Denis et al., 2020; van Dieén et al., 1999). The
reduction in low back demand when performing a squat technique appears to be
dependent on the task constraints that may influence the low back to external force
moment arm (Kingma et al., 2004, 2010; van Dieén et al., 1999). When controlling for the
distance between the object and the individual via reach distance, lifting strength is
reduced using the squat technique compared to the stoop technique (Kumar & Garand,
1992). This reduction in strength can indicate a reduced mechanical advantage,
explaining why the squat technique also requires higher energy expenditure (Garg &
Herrin, 1979; Kumar, 1984; Welbergen et al., 1991) and is perceived to be more exerting
compared to the stoop technique (Straker & Duncan, 2000). These factors can hinder
performance and have been suggested to be responsible for the poor adherence to adopt
the squat technique (Denis et al., 2020). Thus, it is important that changing movement to

reduce exposure should not negatively influence performance.
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Physical capacity refers to what an individual can do and is the sum of the output
of multiple systems of the body (World Health Organization, 2007). It can be tested under
standardized task conditions that isolate specific physical attributes or systems. An
individual would need to utilize their capacity to accomplish tasks or activities. However,
having the capacity to accomplish a task does not reflect task performance as it depends
on how the task is executed (Lamb & Keene, 2017). Specifically, the way we move has
the potential to influence the forces generated by the body and how they transfer to the
external environment. An increase in the output force given an input force, which may
occur due to better transfer of forces within the body to the external environment,
indicating a mechanical advantage. However, an increase in the ability of the body to
generate force may increase force exerted externally but presumably not the ratio of input
to output force which generally defines the mechanical advantage (Salamon & Midha,
1998). Instead, this author proposes that the execution of movement can influence the
generation, transfer and application of forces to the external environment which can be
considered as affecting the biomechanical advantage. Accordingly, manipulating the
execution of the movement to influence the generation, transfer or application of forces
would modify the biomechanical advantage. This not only influences task performance at
the maximum limit (e.g. strength) but also at submaximal levels by influencing efficiency

(Biewener et al., 2004).

Movement of a joint changes the instantaneous length and velocity of the
underlying muscles, influencing their ability to produce force (Heckman & Sandercock,
1996; Herzog, 1996). The transfer of forces through the musculotendinous unit is also

influenced by length and velocity (Finni, 2006; Heckman & Sandercock, 1996; Zajac,
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1989). Muscles impose forces on the segments to which they are connected, generating
torques about the joints they cross. The mechanical advantage of each muscle on a joint
depends on its moment arm which can change with muscular activity and joint position
(Finni, 2006). Thus, the posture and motion of a given joint can influence the ability to
apply force to the external environment. The force generated by the musculotendinous
unit and the leverage provided by the muscle moment arm interact to create the overall
moment of force about a joint. The joint position of maximal force generation can be
different than the position with greatest leverage, which can vary across directions of joint

motion and across joints (Frey-Law et al., 2012; Loren et al., 1996; Zatsiorsky, 2003).

Since the body consists of multiple linked segments and not just a single joint, the
movement of the rest of the body also influences the ability to exert force. The position of
adjacent joints can influence the contribution of bi-articular muscles (Kawakami et al.,
1998). Muscles and motions at a given segment can influence other segments across the
body (Zajac et al., 2002). For example, in the context of the spine, position of the hips has
been shown to influence trunk extensor strength (Kocjan & Sarabon, 2014). Although
efforts to reduce biomechanical demand typically focus on reducing demand at a single
joint, such as the low back during lifting, observing competitive lifters demonstrated no
relationship between the low back moment and lifting strength (Cholewicki et al., 1991).
Additionally, trunk extensor strength alone does not predict lifting strength (Schenk et al.,
2006), further suggesting that the externally applied force cannot be inferred from
observing a single joint. The end-effector strength has been postulated to be dependent
not just on the moments produced at each joint but their configuration, with the same

generated moments producing different end point forces with different body postures
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(Zatsiorsky, 2003). However, the extent to which changes in body posture and spine

posture contribute to strength is unknown.

The coordination of muscle activity can also influence the ability to produce joint
moments. Antagonistic muscle activity can work against the agonist muscles, but
provides stability to the joint and controls movement (Gabriel et al., 2006; Gribble et al.,
2003; McGill et al., 2003). Although excessive co-contraction increases joint loading
(McGill, Karpowicz, et al., 2009), stiffening the spine may also influence the ability to
transfer forces within the body and exert forces externally. Observing strength athletes
has demonstrated that experts intentionally co-contract to prevent spine motion during
heavy lifting but to also enhance force transfer (McGill, McDermott, et al., 2009; McGill,
2011). In specific situations, the ability of the trunk musculature to create stiffness can
also limit the ability to exert force distally at the hands or feet (Santana et al., 2007).
Training the trunk musculature has been advocated for improving performance
(Saeterbakken et al.,, 2022). Increased trunk flexor but not extensor strength, is
associated with higher lifting strength (Schenk et al., 2006). Yet, muscular strength may
not be as important as coordination when aiming to create trunk stiffness (Kawabata et
al., 2010). Intentionally stiffening the trunk may improve the transfer of forces across the

body but this remains to be thoroughly investigated.
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Chapter 3 : Data Collection and Common Methodology

The data used for the studies in this thesis were collected within a single data collection
session. Therefore, there is similar methodology with respect to equipment, calibration
procedures and some data analysis procedures across the studies. This chapter
describes the common methodology across studies. However, the experimental
procedures (i.e. tasks), data analyses and statistical analyses will be described within

each study chapter.

3.1 Participants

Forty participants (50% female; Male mean + SD age 23 + 3 years, mass 85.7 + 13.6 kg,
height 1.77 + 0.07 m; Female mean + SD age 23 + 3 years, mass 66.3 £+ 9.1 kg, height
1.69 + 0.08 m) provided written informed consent prior to participation. Inclusion criteria
for participation was to be between the ages of 18 to 64 and have no skin allergies or
sensitivities to alcohol or adhesives. Exclusion criteria were any self-reported pain or
injury within the last 6 months that prevented performance of daily activities, as this could
potentially influence the ability to assume and exert maximal force in the targeted postural
conditions. Participants reporting any other health condition required approval from a
healthcare provider to participate in physically strenuous activities. The University of

Waterloo research ethics board approved all study procedures.

To estimate the required sample size, a power analysis was conducted for a
repeated measures ANOVA with a within-between interaction using G Power (Faul et al.,
2007). A sample size of 20 was estimated to be able to detect a medium effect with 0.84

power. This was only used to approximate a minimum sample size needed as the linear
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mixed effects modeling procedures that were originally proposed would need simulations

and pilot data to estimate the minimum sample size, which were not available a-priori.

Eighty percent of the sample participants reported being physically active and

having previous resistance training experience involving lifting.

3.2 Equipment

Kinematic marker clusters with at least 3 infrared emitting diodes were placed on
participants' hands, upper arms, head, thighs, shanks, feet and on the trunk overlaying
the seventh cervical, twelfth thoracic, and first sacral vertebrae (Optotrak Certus system,
Northern Digital Inc., Waterloo, ON, Canada; Figure 3.1). Anatomical segment end points
were digitized relative to the respective marker cluster to track each body segment (Table

3.1).

Table 3.1: List of digitized anatomical segment landmarks.

Anatomical Landmark Name

15t Metatarsal Right and Left Aspect of the Head above the
Ear
Acromion

Medial Epicondyle of the Humerus

5% Metatarsal
Heel

Medial Epicondyle of the Femur

Lateral Epicondyle of the Humerus

Lateral Epicondyle of the Femur

Radial Styloid Process

Greater Trochanter

Ulnar Styloid Process

Posterior Superior lliac Spine (PSIS)

2"d Metacarpal

Anterior Superior lliac Crest (ASIS)

5t Metacarpal

lliac Crest
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Lifting force was exerted against a handle (length: 40.1 cm; circumference: 10 cm)
that was attached in series with a uniaxial load cell (MLP-1K, Transducer Techniques
LLC, Temecula, CA, United States) using 2 carabiners, to a metal bar secured to the
ground. The handle height was set to 39.5 cm to facilitate achieving the targeted postural
conditions, as it was expected that not every participant would have the joint mobility to
assume the desired postures using the height of an Olympic weight plate loaded barbel
(22.5 cm). However, 4 participants required an increase in handle height by 6 cm to allow
them to assume the desired postures for Study 1 (Chapter 4), which was kept consistent
across all conditions for these participants and maintained for Study 2 (Chapter 4) to
facilitate minimal low back flexion. The handle height was not changed for these
participants for Study 4 (Chapter 7) as the procedures for this study were collected before
Study 1 and 2 during the data collection session (See Section 3.3). The load cell was
factory tested before the study and was calibrated at the start of each data collection
session using up to 136.18 kg. Kinematic markers were placed on the handle and load

cell to calculate the vector of the applied hand force (Figure 3.1 A).

Ground reaction forces were captured using a force plate under each foot (ORS6,

AMTI, Watertown, MA, USA; Figure 3.1 A).

Ag/AgCI surface electromyography (EMG) electrodes (Neuroline 720, Ambu,
Ballerup, Denmark) were applied bipolarly and bilaterally on the latissimus dorsi, thoracic
erector spinae, lumbar erector spinae, rectus abdominis, external oblique and internal
oblique according to previously outlined procedures (McGill, 1991; McGill et al., 1996;

Table 3.2; Figure 3.1 B). EMG signals were differentially amplified (AMT-8, Bortec
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Biomedical, Calgary AB, bandwidth 10-1000 Hz; CMRR=115dB at 60Hz; input

impedance =10 GQ).

Table 3.2: Approximate locations for EMG placement.

Muscle EMG Placement

Rectus Abdominis = 3 cm lateral to the umbilicus

= 15 cm lateral to the umbilicus and at the transverse
level of the umbilicus
below the external oblique electrodes and just superior
to the inguinal ligament

External Oblique

Internal Oblique

Latissimus Dorsi lateral to the T9 spinous process over the muscle belly
Thoracic Erector Spinae =~ 5 cm lateral to the T9 spinous process
Lumbar Erector Spinae =~ 3 cm lateral to the L3 spinous process

All data were captured synchronously using an ODAUII unit controlled by NDI First
Principles software (Version 1.2.4, Northern Digital Inc., Waterloo, ON, Canada). Load
cell, force plate, and EMG data were sampled at 2000 Hz while kinematic data from the

infrared emitting diodes were sampled at 40 Hz.
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A " )

Figure 3.1: (A) Experimental setup showing lifting handle and motion tracking marker
placement during an isometric lifting exertion. (B) Trunk muscle EMG placement.

3.3 Procedures

An overview of the data collection timeline is provided in Figure 3.2 below. The main

experimental procedures are within solid boxes and the reference trials within dashed

lined boxes. Arrows show the flow across time.
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Data Collection Timeline:

EMG application and MVIEs, Kinematic #
i marker application and anatomical landmark g

digitization. P T ‘

BLOCK 1: Study 4 Procedures L WarmupandsmaX|maI
Crate lifting without and with postural - isometric lifting trials in self- .
directive, and maximal isometric lifting

L : | selected posture i
replicating crate lift posture.

Relaxed standing trial.

l BLOCK 2: Study 1 Procedures
3 trials of forward bending to ‘ Maximal isometric lifting in 4 postures
obtain maximal low back consisting of 2 trunk inclinations, each
flexion angle i performed with 2 low back curvatures.

BLOCK 3: Study 2 Procedures
Maximal isometric lifting at baseline, with
verbal trunk muscle coordination instruction
and with trunk muscle coordination coaching.

Figure 3.2: Entire data collection session timeline.

Study 1, 2 and 4 had independent experimental procedures that were collected
within a single session. Each of these experimental blocks were conducted in the order
indicated in Figure 3.2. Specifically, procedures for Study 4 (Chapter 7) were performed

first, followed by procedures for Study 1 (Chapter 4) and Study 3 (Chapter 5).

Reference trials were collected before and after the first block of experimental
procedures (i.e. procedures for Study 4). To normalize the EMG data, three trials of
maximal voluntary isometric exertions (MVIE) for the trunk muscles were performed

(Vera-Garcia et al., 2010). For the back muscles, participants laid prone with their legs
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and hips supported by a massage table, and their upper body unsupported by the table.
A researcher supported the participant’s legs while another provided resistance at the
upper back so that a back extension MVIE could be performed. For the abdominal
muscles, participants sat at the edge of a massage table in a sit-up position, with their
legs on the table supported by a researcher, while leaning their upper back on the second
researcher. Abdominal MVIEs were performed by flexing, lateral bending to each side
and twisting to each side against a matching resistance provided by the second
researcher. This was followed by attaching the kinematic markers to the participant and
digitizing the anatomical landmarks. Next, a 10-second relaxed standing trial was
performed which provided data to generate a linked segment model of the body (Pinto &
Callaghan, 2022). The joint angles in this standing posture were defined as representing
0°. Submaximal isometric lifting exertions were then performed as a warm-up and
familiarization. Participants were instructed to apply efforts that they perceived to be
approximately 30, 50 and 80% of their maximal effort. Following this, 3 maximal isometric

lifting exertions were conducted in a self-selected posture.

After the procedures for the first experimental block (Study 4), 3 trials of forward
bending were performed to obtain each individual’s maximal low back flexion range of
motion. Participants were coached on how to flex their low back by posteriorly rotating
their pelvis and anteriorly rotating their ribcage. Starting from an upright standing position,
participants maximally flexed their low back by rotating their pelvis and ribcage as they
tried to bend their chest towards their hips. At volitional end range of low back flexion, a
3 second trial was collected during which they were verbally encouraged to further

increase the low back flexion achieved. The maximum across these 3 trials was taken as
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the maximum low back flexion angle that was used to normalize low back flexion angle.
These trials were performed after the first experimental block to allow the researcher to
provide cueing and feedback to achieve maximum low back flexion during these trials,
without interfering with the natural responses to verbal directives that were investigated

in Study 4.
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Chapter 4 : The Effects of Trunk Inclination and Low
Back Curvature on Lifting Strength

4.1 Introduction

Movement assessment and coaching across health (Beach, Frost, McGill, et al., 2014;
Frost et al.,, 2015; Kent et al., 2015; McGill, 2004; Pinto et al., 2018) and human
performance (Buckeridge et al., 2015; Cholewicki et al., 1991; Daly, 2001; Escamilla et
al., 2000; Myer et al., 2014; Smith et al., 2008) foci have often targeted trunk inclination
and low back curvature, as these postural characteristics have been linked to risk of low
back injury. Trunk inclination and low back curvature can be modified independently from
each other and are thought to have distinct effects on low back injury risk. Trunk
inclination can be modified in multi-joint tasks such as lifting from the ground, by changing
hip, knee, and ankle posture, without requiring changes in low back curvature (Carnegie
et al., 2022). Modifying trunk inclination can influence the external forces and moments
acting on the trunk which influences the overall biomechanical demand on the composite
tissues of the trunk (Cholewicki et al., 1991; Escamilla et al., 2000; Hwang et al., 2009;
Legg et al., 2017; Toussaint et al., 1992; van Dieén et al., 1999), but does not necessarily
influence the distribution of forces across these tissues (Potvin, McGill, et al., 1991,
Zwambag & Brown, 2020). In contrast, low back curvature can be modified largely
through pelvis and ribcage rotation, and can modify the internal distribution of forces
across the composite tissues of the lumbar spine region of the trunk (Potvin, McGill, et
al., 1991; Zwambag & Brown, 2020). Specifically, a flexed low back curvature can migrate

forces from active to passive tissues (Potvin, McGill, et al., 1991; Zwambag & Brown,
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2020), which have reduced capacity and require longer durations for recovery and
adaptation (Buckwalter & Grodzinsky, 1999; Kannus et al., 2007; Vila Pouca et al., 2021).
Low back flexion can also reduce the tolerance of the functional spinal units to loading
(Callaghan & McGill, 2001; Gallagher et al., 2005; Gunning et al., 2001; Howarth &
Callaghan, 2012; Solomonow, 2012) while diminishing the ability of the lumbar extensor
muscles to counteract potentially harmful anterior shear forces (McGill et al., 2000; Pinto
et al., 2021). Thus, modifying trunk inclination or low back curvature can independently
influence the biomechanical demands imposed on the low back and its capacity to
withstand them. However, modifying trunk inclination and/or lumbar curvature to influence
injury risk, may also influence task performance but in a manner that is not necessarily
beneficial. In fact, the ineffectiveness of workplace training that promotes a vertical trunk
inclination when lifting objects from the ground to reduce injury risk, has been attributed
to an accompanying detriment to physical performance (Garg & Herrin, 1979; Kumar,
1984; Kumar & Garand, 1992; Straker & Duncan, 2000; Welbergen et al., 1991). Hence,
considering the effects of trunk inclination and low back curvature on injury risk in
conjunction with task performance, may inform the development of more comprehensive
strategies to reduce injury risk and enhance physical performance. Yet, the effects of
independently modifying trunk inclination and low back curvature on task performance

has not been thoroughly investigated.

One way modifying trunk posture can influence performance in multi-joint tasks is
by affecting the ability to exert end-effector force. For example, maintaining a vertical
trunk inclination while lifting from the ground requires changing hip, knee, and ankle

posture which influences the ability of each joint to generate torque and consequently
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their contributions to the end-effector force. Specifically, modifying joint posture will
influence the muscle-to-joint moments arms (Finni, 2006) and the length-dependent
generation and transfer of muscle force across the musculotendinous unit (Finni, 2006;
Heckman & Sandercock, 1996; Herzog, 1996; Zajac, 1989). Changes in posture in multi-
joint tasks have also been hypothesized to influence the leverage of each joint on the
end-effector force (Escamilla et al., 2000; Pinto & Dickerson, 2021; Swinton et al., 2011).
In contrast, modifying low back curvature through pelvis and ribcage rotation, may
primarily influence the force generated and transferred by muscles spanning the trunk
and hips without considerably influencing muscles spanning adjacent joints such as the
knees and ankles. However, it is possible that the effect of modifying low back curvature
on end-effector force may depend on the trunk inclination. For instance, if changing
whole-body posture to modify trunk inclination reduces the torque contributions from the
trunk relative to the other joints, the effect of low back curvature on end-effector force may
also be reduced. However, the independent and interacting effects of trunk inclination
and low back curvature on end-effector force in multi-joint tasks have not been directly

tested.

Prior research has not dissociated the effects of modifying trunk inclination and
low back curvature on end-effector force production in multi-joint tasks. The primary
approach used to investigate the effects of posture on multi-joint force exertion, has
involved comparing task techniques that encompass a generalized whole-body postural
profile rather than explicitly targeting posture of specific joints. For example, studies
investigating the effects of trunk posture on lifting strength have compared techniques

such as the squat and stoop lift (Kumar & Garand, 1992), or the conventional and sumo

42



deadlift (Cholewa et al., 2019; Cholewicki et al., 1991; Escamilla et al., 2000). The
execution of these techniques can vary based on each individual’'s interpretation of the
given instruction (Abdoli-Eramaki et al., 2019) and capacity to perform the movement
(Beach, Frost, Clark, et al., 2014; Li & Zhang, 2009; Patterson et al., 2022), which results
in individual differences in posture. Technique comparison studies have not typically
accounted for individual differences in posture by statistically accounting or
experimentally controlling for postural features such as trunk inclination and low back
curvature independently, making it challenging to infer their independent and interactive
effects on multi-joint force exertion. Although studies investigating the effect of trunk
posture on isometric back extension strength while standing (Gallagher, 1997; Tan et al.,
1993), sitting (Graves et al., 1990), kneeling (Gallagher, 1997) or side lying emulating
standing (Daggfeldt & Thorstensson, 2003), show that bending the trunk forward can
increase back extension strength, it is unclear if this is due to low back curvature or hip
flexion (Kocjan & Sarabon, 2014), as these studies have not dissociated between trunk

inclination and low back curvature.

A recent study investigated the effects of low back curvature on isometric back
extension strength in a whole-body posture resembling lifting from the ground with a
horizontal trunk inclination (Mawston et al., 2021). It was reported that a highly flexed low
back curvature (98% of maximum low back flexion) allows for greater low back extensor
torgue generation during maximal isometric lifting exertions (Mawston et al., 2021). Apart
from these results being based on a simplified estimate of the low back net joint reaction
moment which may have been confounding, the implications drawn from these results

promoted that a fully flexed low back curvature increases lifting strength. However, the
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low back net joint reaction moment does not solely predict maximum mass lifted
(Cholewicki et al., 1991), and the biomechanical contributions from each joint to the
exerted force can be different when the hands are the end-effector as opposed to the
upper back (Schellenberg et al., 2013). Importantly, promoting lifting with a fully flexed
low back curvature may pose a higher risk of low back injury. Thus, there is a need to
clearly understand the effects of modifying trunk inclination and low back curvature on the
ability to exert end-effector force during multi-joint activities such as lifting as it will guide
and advance movement-based assessments and interventions to manage injury risk and

enhance performance.

The purpose of this study was to investigate the independent and interacting
effects of trunk inclination and low back curvature on whole body isometric lifting strength.
It was hypothesized that the effects of changing trunk inclination on maximal exerted
lifting force would be greater than changing low back curvature since changing trunk
inclination would influence the contributions of more joints and muscles to the end-effector
force. It was also hypothesized that the effects of trunk inclination and low back curvature
would interact. An isometric strength test was selected to facilitate control of trunk
inclination and low back curvature when exerting maximal force. Lifting was selected as
it has been associated with low back pain reporting (Coenen et al.,, 2014; Nelson &
Hughes, 2009; Norman et al., 1998; Wai et al., 2010) which continues to be the global
leading cause of disability (Vos et al., 2016; Wu et al., 2020) creating enormous health
care and worker disability costs (Hartvigsen et al., 2018). To support a discussion of how
modifying posture to increase strength can influence biomechanical demand, a secondary

objective was to assess the effects of trunk inclination and low back curvature on lumbar
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spine joint contact compression and shear forces. It was hypothesized that low back
flexion would increase joint contact compression forces and anterior shear forces as low
back flexion would reduce the oblique line of action of the extensor muscles to align with
the compression axis of the spine (McGill et al., 2000; Pinto et al., 2021; Potvin, McGill,

et al., 1991).

4.2 Methods

4.2.1 Experimental Procedures

Four lifting conditions were examined to dissociate trunk and lumbar spine contributions.
These four conditions consisted of 2 trunk inclinations (vertical and horizontal), each
performed with 2 low back curvatures (neutral and flexed, Figure 4.1). A researcher (BLP)
first demonstrated and coached participants into the 4 postural conditions before
performing any maximal exertions in the targeted postures. Participants were cued to find
the most vertical and horizontal trunk inclination they could comfortably attain, by primarily
bending their knees to keep the trunk vertical and primarily bending their hips posteriorly
without letting their knees bend forward to maximize horizontal trunk inclination. Muscle
activity was not cued to control low back curvature, to avoid interfering with the natural

response.

Neutral and flexed low back curvature conditions were cued to be below 30% and
over 80% of maximum low back flexion respectively. The threshold of 30% of maximum
low back flexion was selected based on previous evidence showing that the lumbar spine
vertebrae within the trunk are in neutral alignment with approximately 20° of low back

flexion (Adams & Dolan, 1991) and that low back passive stiffness is minimized below
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approximately 40% of maximum low back flexion (Beach et al., 2005; Fewster et al., 2021;
Buchman-Pearle et al., 2023). Zero low back flexion (i.e. alignment documented during
relaxed standing) was not targeted as the neutral curvature condition, as standing
curvature can greatly vary between individuals (Zwambag et al., 2019). Individuals that
stand in excessive low back extension would need to flex to align the spinal vertebrae.
The flexed condition threshold of 80% of maximum low back flexion was selected as low
back passive stiffness increases exponentially with the highest stiffness occurring past
80% of maximum flexion, indicating high strain on the passive tissues (Beach et al., 2005;

Fewster et al., 2021).

Real-time optical motion tracking of low back, right knee, and right hip
flexion/extension joint angles (NDI First Principles) were used during practice and
subsequent experimental trials, to ensure the desired positions were achieved.
Additionally, real-time video of the sagittal plane of the participant was displayed on a
computer monitor in view of the participant to guide achieving the targeted postural

conditions.

During the coaching period, participants were instructed to position their feet such
that they could perform all 4 posture conditions without moving their feet. The position of
each foot was restricted to two adjacent force plates each having a surface area of 0.23
m? (total surface area that stance was restricted to was approximately 0.5 m?). Once
participants were able to assume each postural condition consistently, the placement of
each foot was marked using tape before beginning the maximal isometric lifting trials. The

handle was gripped with both hands pronated.
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Vertical Trunk Inclination Horizontal Trunk Inclination

Neutral Low Back Curvature

Flexed Low Back Curvature

Figure 4.1: Depiction of the 4 posture conditions consisting of 2 trunk inclination
(columns) and 2 low back curvatures (rows).
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To facilitate consistency in trunk inclination and whole-body posture between
curvature conditions within each inclination condition (vertical/horizontal), participants
always assumed the respective trunk inclination with the neutral curvature during the
setup for each trial, including the flexed low back curvature conditions. Once the initial
setup up posture was confirmed using real-time joint angle data, participants were
instructed to flex their low back for the flexed curvature conditions, by posteriorly rotating
their pelvis followed by anteriorly rotating their ribcage, in isolation, without moving other
parts of the body. Visual observation and the real-time joint angle data were used to

confirm motion was isolated to the low back.

Once the target posture was achieved and the participant confirmed they were
ready, a 3 second countdown began followed by a command to start. Instruction was to
keep the links that attached the handle to the ground taught by using as little force as
possible during the countdown. Upon the start command, participants maximally exerted
force at a self-selected rate. Instruction was to proceed as though they were lifting an
object up from the ground. Verbal encouragement was provided by a single researcher
spotting all participants, but it was first confirmed whether this encouragement motivated
the participant to give a maximal effort. Participants were instructed to produce a
maximum effort on each trial but were notified that they did not need to hold the maximum
force for any duration of time and could stop once they were sure a maximum effort was

provided, to prevent accumulation of fatigue.

Each postural condition was performed in a block randomized order with a
minimum of 2 minutes of rest between each trial (Beckham et al., 2018; Chaffin, 1975;

Kumar & Garand, 1992; Mital & Kumar, 1998).
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4.2.2 Data Analysis

Kinematic data were processed in Visual 3D (Version 2022, HAS-Mation, Inc., Kingston,
ON, Canada) and filtered with a dual pass Butterworth low pass filter with a 10 Hz cutoff
(Kristianslund et al., 2012; Tomescu et al., 2018). Low back 3D joint angles were
calculated relative to relaxed standing, using a flexion/extension, lateral bend and axial
twist Cardan angle rotation sequence. Although prior research has calculated trunk
inclination as the 3D orientation of the ribcage (Straub et al., 2021; Zwambag & Brown,
2015) or the 2D angle of a vector connecting the pelvis and ribcage (Faber et al., 2013;
Khoddam-Khorasani et al., 2020; Melvin et al., 2010), modifying low back curvature
through ribcage and pelvis rotation would impact these quantifications of trunk inclination.
To limit this impact, trunk inclination was calculated as the 2D angle between the vertical
axis of the environment and a vector connecting the mid points between the greater

trochanters and acromia.

In Python (Spyder IDE, Version 5.3.0, Spyder Project Contributors), the vector
between the markers on the handle and load cell was interpolated to 2000 Hz and used
to find the vertical component of the maximum applied lifting force recorded by the load
cell and the time instant it occurred. Trunk inclination and low back flexion/extension angle
calculated from Visual 3D were extracted at the closest instant of kinematic data aligning
or immediately prior (due to lower sample rate of the kinematic data) to the instant of peak

force.

L4/L5 joint contact (i.e. bone on bone) compression and shear forces were
guantified at the instant of peak isometric lifting force measured at the hands. A lumbar
spine model that represents the resultant moment arm and line of action from an

49



anatomically detailed model with 50 muscle lines of action, as a single equivalent muscle,
was used (Cholewicki et al., 1991). However, adjustments were made to make this single
equivalent muscle model sensitive to how the geometry of the trunk muscles change with
low back curvature to affect the moment arm and line of action of the resultant muscle
force, providing a more biofidelic estimation of L4/L5 joint contact compression and shear
compared to previous single equivalent models with a fixed moment arm and line of action
(McGill & Norman, 1987; van Dieén & de Looze, 1999). The single equivalent for the
L4/L5 reported by Cholewicki et al. (1991) has a moment arm of 6 cm and a line of action
of 5° relative to the compression axis of the spine, which was assumed to be the
orientation of the single equivalent muscle in each individual’s respective relaxed standing
low back posture (i.e. 0° of low back flexion). A quadratic polynomial equation reported
by van Dieén & de Looze (1999) that estimates the low back curvature dependent
moment arm of a single equivalent muscle relative to the L5/S1 joint, was modified to
have a y-intercept of 6 cm to align with the L4/L5 model reported by Cholewicki et al.
(1991). The goal of this analysis was to calculate joint loads at the level of L4/L5 instead
of L5/S1 because spine loading at the L5/S1 is starkly different from the superior joint
levels of the lumbar spine due to its orientation which results in very high joint reaction
shear forces at the level of L5/S1 (Kingma et al., 2007). Additionally, the resultant effect
of the muscles at the level of L5/S1 is additive to anterior shear force whereas the
resultant effect of the muscles provides posterior shear forces at the superior joint levels
of the lumbar spine (Kingma et al., 2007). The low back curvature dependent change in
line of action of the single equivalent that was used to calculate L4/L5 joint contact forces

in this study, was estimated by a linear equation based on previous research showing a
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linear relationship (Pinto et al., 2021; van Dieén & de Looze, 1999). This linear equation
was set to have a y-intercept of 5° representing the single equivalent muscle line of action
in relaxed standing (i.e. when low back flexion is 0°) and an x-intercept at each individual’s
maximum low back flexion range-of-motion where the single equivalent muscle line of
action was set to be 0°. The inputs to this single equivalent muscle model were the low
back joint reaction forces, flexion/extension net joint reaction moment, and low back
flexion/extension angle. The low back joint reaction forces and moments were calculated
using a rigid linked segment model and bottom-up inverse dynamics using conventional
Visual 3D (Version 2022, HAS-Motion, Inc., Kingston, ON, Canada) anthropometric data
scaled to each individual’s height and body mass. The joint centre of the low back was
estimated as the mid-point between the iliac crests and the reaction forces and moments

were resolved in the coordinate system of the thorax.

4.2.3 Statistical Analysis

A linear mixed effects model was used to account for the multilevel data structure and for
potential heterogeneity in participant responses (ImerTest package, RStudio Version
2023.03.0, The R Foundation, Vienna, Austria). During data collection it was observed
that participants were sometimes unable to maintain their setup position as they exerted
maximal force. To account for differences in posture between individuals due to
differences in mobility and loss of setup posture while exerting force, trunk inclination and
low back flexion/extension angle were implemented as continuous variables in the model.
This approach estimated the effects of posture on force as a regression slope for each
individual, whereas implementing these conditions as factors would assume the postures

were identical across participants. Accordingly, the full model consisted of the trunk
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inclination, low back flexion angle and their interaction fitted as fixed effects as well as
random effects with a random intercept and slope for each participant. Sex and order in
which the postural conditions were performed were fitted as covariate fixed effects (a =
0.05). A similar modelling approach was used to estimate the effects of trunk inclination
and low back curvature on joint contact compression and shear forces, but order was not
included as a covariate fixed effect as it was not expected to influence the effect of posture

on joint loading.

Results from the linear mixed effects model showed high heterogeneity between
participants, which motivated a post hoc examination of the individual differences to
assess the extent to which the effect of modifying trunk inclination and low back curvature
can be generalized. Participants were grouped based on individual changes in lifting
strength in response to changing curvature within each inclination condition, and in
response to changing inclination within each curvature condition. The standard deviation

in maximum force across the 3 maximal isometric lifting trials which were performed using

a self-selected posture at the start of the data collection, was multiplied by v2 x 1.96 to
create a personalized confidence interval centered at 0 N (Swinton et al., 2018). This
confidence interval approximated a threshold to categorize responses relative to each
participant’s ability to consistently produce maximum force. If the difference in the
maximal lifting force between flexion and neutral curvature within each inclination
condition, or between horizontal and vertical trunk inclination within each curvature
condition, was less/greater than the confidence interval, the change was marked as a

decreasel/increase (D/1). If the difference in maximal lifting force was within the confidence
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interval it was marked as no change (S). Only the maximum lifting force across the 3 trials

from each condition was used for this post hoc analysis.

4.3 Results

Effects of modifying trunk inclination and low back curvature depended upon one another,
as evidenced by a significant interaction between these postural characteristics in the
linear mixed effects model (Table 4.1). However, there was high heterogeneity in
responses to changing trunk inclination and low back curvature; the random effect
standard deviation of the interaction, which indicates the variability of the effect between
participants, was larger than the magnitude of the fixed effect estimate, which is the
aggregate group effect. In addition to the co-dependence between trunk inclination and
low back curvature, responses in lifting strength to modifying these postural
characteristics were opposite to the aggregate trend estimated by the model for some

individuals (Table 4.1).
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Table 4.1: The linear mixed effects model results for the effect of trunk inclination and low
back curvature on isometric lifting force. The estimates (B8) for trunk inclination and low
back curvature represents the change in lifting force (N) for every unit (°) of horizontal
rotation of the trunk or flexion of the low back whereas the interaction represents the
change in force (N) for every unit of the product of trunk inclination and low back
curvature. “*” indicates a statistically significant effect.

and Low Back
Angle

Fixed Effects %
Estimate  Standard t value 0 value Star_ldz_ard
(B) Error Deviation
Intercept 1254.68 87.71 t=14.304 p<0.0001* 299.16
Trunk Inclination -7.52 1.13 t=-6.655 p<0.0001* 0.72
Low Back Angle -6.11 1.89 t=-3.233 p=0.0098* 4.98
Sex (Male) 455.99 82.51 t=5.527 p<0.0001* -
Order 2.38 6.12 t=0.390 p=0.6974 -
Interaction between
Trunk Inclination 0.10 004  t=2.624 p=0.0119* 0.12
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Table 4.2: Mean £SD [range] in maximum lifting force, trunk inclination, and joint postures
at the instant of peak force across the maximum trial for each participant, per condition.

Flexion angle is represented as positive for all joints.

Vertical Trunk Inclination

Horizontal Trunk Inclination

max flexion)

Neutral Flexed Neutral Flexed
Curvature Curvature Curvature Curvature
Maximum lift 1243.1 #515.8 1191.8 #4925 1087.6 +421.4 1112 +398.0
force (N) [487.5-2333.3] [360.7-2338.9] [349.0-1782.6] [472.6-2037.4]
Trunk 39.9+59 36.4 +6.8 60.2 +6.1 58.5 +6.2
Inclination [27.7-51.5] [23.0-53.6] [44.6-75.3] [37.8-70.2]
Low back 17.8+7.3 41.4 +8.7 20.7 +6.4 452 +8.4
flexion angle (°) [-0.3-35.4] [25.3-62.1] [0.8-40.3] [27.5-64.3]
Right hip flexion 81.9+8.4 60.6 8.7 88.3+7.0 63.1+7.3
angle (°) [62.5-103.9] [42.7-79.5] [73.4-101.3] [46.1-77.9]
Right knee 70.7 £8.7 71.6 +8.6 41.1 £11.0 40.6 £10.5
flexion angle (°) [53.5-89.7] [52.2-97.3] [17.8-69.7] [23.0-74.2]
Relative low
38.2+14.5 88.9+11.2 44.6 +12.9 97.0+7.6
back angle (%
[-0.6-70.1] [58.4-105.3] [2.0-76.8] [77.5-109.3]

Inclining the trunk horizontally decreased joint contact compression force but

increased joint contact shear force whereas low back flexion increased both joint contact

compression and shear forces as indicated by the regression slope estimates (Table 4.3).

The impact of modifying low back curvature on joint loading was higher compared to

modifying trunk inclination, especially for joint contact compression, as indicated by the

regression slope estimates (Table 4.3) and aggregate data (Table 4.4). Although the
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random effect standard deviation indicated heterogeneity in magnitude of the effect of
trunk inclination and low back curvature on L4/L5 joint contact forces, they were smaller
than the fixed effects regression slope estimates suggesting the direction
(increase/decrease) of the effect of posture on joint loading was consistent across

participants (Table 4.3).

Table 4.3: The linear mixed effects model results for the effect of trunk inclination and low
back curvature on L4/L5 joint contact compression and shear forces. The estimates (8)
for trunk inclination and low back curvature represents the change in joint contact force
(N) for every unit (°) of horizontal rotation of the trunk or flexion of the low back whereas
the interaction represents the change in joint contact force (N) for every unit of the product
of trunk inclination and low back curvature. “*” indicates a statistically significant effect.

, Random
Fixed Effects Effects
Estimate  Standard t value value Standard
(B) Error b Deviation
L4/L5 Joint Contact Compression Force
Intercept 5071.55 387.99 t=13.071 p<0.0001* 1343.62
Trunk Inclination -28.02 6.12 t=-4.579  p<0.0001* 17.26
Low Back Angle 47.13 9.36 t=5.038 p<0.0001* 28.89
Sex (Male) 1434.97 301.83 t=4.754 p<0.0001* -
Interaction
between Trunk 0.28 018  t=1526  p=0.13 0.57
Inclination and Low
Back Angle
L4/L5 Joint Contact Shear Force
Intercept 153.09 79.24 t=1.932 p=0.0691 243.73
Trunk Inclination 10.76 1.60 t=6.720 p<0.0001* 7.90
Low Back Angle 12.17 1.98 t=6.144 p<0.0001* 7.58
Sex (Male) 128.01 86.77 t=1.475 p=0.1431 -
Interaction
between Trunk -0.02 004  t=2.624 p=0.6067 0.14
Inclination and Low
Back Angle
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Table 4.4: Mean +£SD [range] in L4/L5 joint contact compression and shear forces across
the maximum trial for each participant, per condition.

Vertical Trunk Inclination Horizontal Trunk Inclination
Neutral Flexed Neutral Flexed
Curvature Curvature Curvature Curvature

L4/L5 Joint Contact 5640.2 +2126.2 6553.4 +2740.4 4877.3 +1585.1 5813.6 +1815.0
Compression Force [2873.3-10136.5] [3013.3-14797.3] [2409.7-8026.1] [3179.6-9505.9]

L4/L5 Joint Contact  909.8 +£363.5  1132.3 +402.5 1129.8 +342.9 1403.9 +411.8
Shear Force [343.2-1773.9] [390.5- 1986.0] [611.9-1798.4] [801.8-2273.9]

4.3.1 Post Hoc Investigation of Individual Differences

Seven different groups were identified in response to modifying curvature within each
inclination condition, and 9 groups were identified in response to modifying inclination
within each curvature condition. The curvature groups included those that showed the
same response (increased, decreased or no change) (group Il, DD and SS) and those
that had different responses to low back flexion between the horizontal and vertical
conditions (groups ID, DI, DS, SI where the first and second letter marks the response
within vertical and horizontal inclinations respectively; Figure 4.2). The same groups were
identified in response to changing trunk inclination from vertical to horizontal within each
curvature condition, but with the addition of 2 groups: IS and SD (the first and second
letter of the group marks the response within neutral and flexed curvatures respectively;

Figure 4.3).

The largest increase and decrease in maximal exerted lifting force in response to

low back flexion was 315 N and 620 N, and in response to inclining the trunk horizontally
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was 296 N and 579 N, respectively. The changes that were marked as no change (S)
ranged within -169 N to 145 N in response to low back flexion, and -324 N to 150 N in
response to inclining the trunk horizontally, where the negative value represents a

decrease in force with low back flexion or horizontal trunk inclination, respectively.
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Figure 4.2: Participants demonstrated 7 types of responses to changing from neutral to
flexed low back curvature across trunk inclination conditions. They increased (),
decreased (D) or did not change (S) their maximal exerted lifting force, similarly (groups
Il, DD, SS) or differently (groups ID, DI, DS, Sl) across vertical and horizontal trunk
inclination conditions. The first and second letter of the group name marks the response
within vertical and horizontal inclinations respectively. Each participant is marked by a
different colour. Responses are depicted relative to low back flexion angle in degrees
(left) and normalized to maximum low back flexion angle (right).
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Figure 4.3: Participants demonstrated 9 types of responses in to changing from vertical
to horizontal trunk inclination across low back curvature conditions. They increased (I),
decreased (D) or did not change (S) their maximal exerted lifting force, similarly (groups
II, DD, SS) or differently (groups ID, IS, DI, DS, SlI, SD) across neutral and flexed low
back curvature conditions. The first and second letter of the group name marks the
response within neutral and flexed curvatures respectively. Each participant is marked by
a different colour.
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4.4 Discussion

Modifying trunk inclination and low back curvature each affected maximal isometric lifting
force but did so inconsistently across participants. The first hypothesis of this study was
rejected as the effects of modifying trunk inclination in comparison to low back curvature
on the ability to exert lifting force was not greater. Both postural characteristics have a
similar potential to effect isometric force exertion. The results confirm the second
hypothesis that changing trunk inclination and low back curvature can interact to influence
the ability to exert maximal end-effector lifting force. However, these interactive effects
can greatly vary between individuals in magnitude and direction (increase/decrease). The
high dimensionality of inter-individual differences suggests that the ability to exert force
in multi-joint tasks cannot be solely inferred by observing posture and that a single

postural profile cannot be generalized as being the strongest posture for all individuals.

The inter-individual variability in response to modifying trunk inclination or low back
curvature on maximal isometric lifting strength, may be explained by individual differences
that influence biomechanical factors. Differences in anthropometry such as segment
lengths are associated with dynamic lifting strength differences between individuals
(Cholewa et al., 2019; Ferland et al., 2020; Lockie et al., 2018) and hypothetically
influence the mechanical advantage of the joint (Escamilla et al., 2000; Pinto & Dickerson,
2021; Swinton et al., 2011). However, the resultant effect on mechanical advantage may
further depend on other factors such as range of motion. For example, a lack of hip
(Patterson et al., 2022) or ankle (Beach, Frost, Clark, et al., 2014; Fuglsang et al., 2017)
mobility may constrain the configuration of the kinematic chain, which may lead to less

substantial changes in exerted force. Interestingly, the identified response groups within

61



the current study do not appear to be characterized by the trunk inclination or low back
curvature range of motion exhibited by the participants (Figure 4.2 and 4.3). Mobility of
lower extremity joints may also need to be considered as modifications in these joint
postures may vary across individuals for the same change in trunk inclination due to
characteristics such as segment length. Since results of the current study suggest that
posture cannot solely be used to infer an individual’s ability to exert force, it is of interest
to identify which biomechanical variables explain the effects of posture on the ability to
exert force in multi-joint tasks. This can inform the development of assessments and

interventions to enhance task performance.

Inter-individual differences in maximal isometric lifting force in response to
modifying posture may also be explained by inter-individual variation in joint strength.
Some individuals have stronger knees relative to their back, and vice versa (Li & Zhang,
2009). Shifting torque-generating demands to an individual’s weaker/stronger joint by
changing lifting posture may explain the resultant decrease/increase observed. The joint
angle-torque relationship also differs between individuals due to adaptations to activities
and training (Alegre et al., 2014; Herzog et al., 1991; Noorkdiv et al., 2014). Individuals
varied in the curvature they exhibited during self-selected maximal isometric lifting, which
could potentially be related to their personal joint angle-torque relationship of their back
extensors. Changes from the setup posture were observed in some participants during
the execution of the maximal isometric lifting exertions, which may be related to individual
variation in the joint posture dependent torque capacity and/or differences in strength
between joints. Such differences in joint strength between joints and joint angle-torque

relationship may have been prominent in the current sample, as the participants ranged
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from those that do not resistance train to competitive powerlifters. Understanding the
extent to which individual differences in joint strength influence the response to modifying
posture can elucidate the potential for developing tools to assess the effects of posture
on multi-joint force production. It may also identify if training can modify individual
responses to facilitate the adoption of trunk inclinations or low back curvatures that limit

tissue loading while increasing tissue tolerance.

The current study identified that a single postural profile cannot be generalized and
recommended as being the strongest for every individual. Thus, conclusions drawn based
on aggregated data about the effects of trunk inclination and low back curvature on
strength in multi-joint tasks should be questioned. There is a need to understand if
individuals require postural coaching to maximize force exertion and how to approach
modifying posture if necessary. With regards to the former, it cannot be assured that every
individual can or will self-select the posture that will maximize force exertion without
coaching. Individuals also vary in their ability to modify posture even when given identical
postural cues or training (Frost et al., 2015; Pinto et al., 2018). An inability to modify
posture may potentially be linked to an inability to find the posture that maximizes force
production. If cueing or training is required to modify posture to enhance force exertion, it
is then necessary to investigate how this should be accomplished in tandem with
preserving musculoskeletal health. Targets or approaches for modifying posture should
consider the task objectives and the potential for injury risk due to the concurrent effects
of posture on tissue loading and tolerance. For instance, cueing individuals who are
stronger in low back flexion to train and perform high force exertion tasks with the low

back fully flexed, may increase risk of injury if training loads are not effectively managed.
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Alternatively, if the individually varying effects of posture on force exertion are primarily
due to an individual’s joint posture dependent torque-generating capacity (i.e. joint angle-
torque relationship), modifying this capacity to increase torque in neutral low back
postures can facilitate adopting a posture that reduces tissue loading and increases tissue
tolerance without reducing strength. Thus, there is a need to understand why the effects
of posture vary across individuals and how to most effectively modify posture to enhance

force exertion while limiting injury risk.

To support the above discussion about the need to consider both physical
performance and biomechanical demand when modifying posture, low back loading was
quantified for the conditions investigated in this study (Table 4.3 and 4.4). Unlike the
varying effects of posture on isometric lifting strength, the effects of modifying trunk
inclination and low back curvature on L4/L5 joint contact forces were consistent in
directionality (Table 4.3). From the estimated spine loads, it is evident that there is a
higher penalty imposed by flexing the low back compared to inclining the trunk
horizontally on L4/L5 joint contact compression forces (Table 4.3 and 4.4). Although the
difference in the impact of trunk inclination and low back curvature on L4/L5 joint contact
shear forces were more similar in magnitude, the highest joint contact shear forces
occurred with a combination of horizontal trunk inclination and low back flexion (Table
4.4). An important consideration when assessing the joint loading penalty imposed is that
in addition to increasing joint contact forces, low back flexion also reduces the tolerance
of functional spinal units to both compression and shear forces (Callaghan & McGill, 2001;
Gallagher et al., 2005; Gunning et al., 2001; Howarth & Callaghan, 2012). The spine

loading results align with known mechanisms on the effects of low back flexion on
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muscular geometry (McGill et al., 2000; Pinto et al., 2021; Potvin, McGill, et al., 1991).
Low back flexion decreases the moment arm and line of action of the single equivalent
muscle to become aligned with the joint’s compression axis which increases muscular
contributions to compressive joint contact forces and decreases the ability of the muscles
to provide posterior shear forces to counteract the anterior joint reaction shear forces,
resulting in higher joint contact shear forces. At the group level, flexing the low back
appears to only contribute small gains in lifting force (e.g. 25 N or 2.2% mean difference
between neutral and flexed curvature for the horizontal trunk inclination condition; Table
4.2) compared to the penalty imposed on L4/L5 joint contact compression (e.g. 936.3 N
or 19.2% mean difference between neutral and flexed curvature for the horizontal trunk
inclination condition; Table 4.4) and joint contact shear (e.g. 274.1 N or 24.3% mean
difference between neutral and flexed curvature for the horizontal trunk inclination
condition; Table 4.4). At the individual level, the participant that had the highest absolute
increase in isometric lifting force by flexing the low back gained 315.2 N of isometric lifting
strength (21.1% relative to neutral curvature) in the horizontal trunk inclination posture
and 241.8 N (18.4% relative to neutral curvature) in the vertical trunk inclination posture.
However, this increase in lifting force gained by flexing the low back came with a penalty
on joint loading. Flexing the spine increased joint contact compression force by 1762.5 N
(29.4% relative to neutral curvature) and 938.4 N (50.8% relative to neutral curvature)
within the horizontal and vertical trunk inclination conditions respectively. Flexing the
spine increased joint contact anterior shear force by 562.6 N (37.4% relative to neutral
curvature) and 582.4 N (72.9% relative to neutral curvature) within the horizontal and

vertical trunk inclination conditions respectively. These results suggest avoiding high
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magnitudes of low back flexion during high demand activities such as exercise training to
develop strength or repetitive activities such as work. Additionally, the variability in the
effects of modifying posture on the ability to exert force at the end-effector suggests that
the effect of posture on the ability to exert force in a multi-joint task is not fixed and that
individuals can adapt with training to being stronger in neutral low back postures to reduce
tissue loading and increase tissue tolerance. However, the impact of posture on
biomechanical demand appears to be more consistent in directionality supporting that

movement coaching should target postures that help regulate biomechanical demand.

A strength of this study is the linear mixed effects statistical analysis which included
the inter-individual differences in each participant’s strength and change in strength due
to postural modifications. This allows for a more comprehensive and accurate analyses
of the data compared to typically used analyses that do not account for heterogeneity
(Detry & Ma, 2016; Van Dongen et al., 2004). Not considering variation between
individuals may lead to erroneous conclusions and conflicting reports that are biased by

the aggregate of the sampled data (Van Dongen et al., 2004).

While grouping individual responses provided insight into response heterogeneity,
the confidence intervals used to classify the individual responses were estimated from
the within-participant standard deviation across only 3 trials. This may have
mischaracterized the threshold for detecting a change for some participants, resulting in
some potentially meaningful responses being deemed not statistically different. For
example, this study observed many immediate changes in strength in response to
modifying posture, that exceeded changes expected in deadlift 1-repetition maximum

following 6 weeks of training (approximately 70 to 190 N increases depending on training
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experience (Androulakis-Korakakis et al., 2021; Colquhoun et al., 2018; Zweifel et al.,
2017)). However, changes of this magnitude were categorized as no change (group “S”
as explained in Section 4.2.3) in the current study due to the crude estimate of the within-
participant standard deviations, resulting in 25% of participants having confidence interval
thresholds between £157 and 422 N (median (Q2, Q3): £107 (£53, £157) N). Since
participants ranged in resistance training experience from untrained to competitive
powerlifters, more trials may have been required to familiarize some participants with
performing maximal isometric exertions. This would have allowed for improved estimates
of the within-participant variation and categorization of individual responses. Hence, some
practically meaningful changes may have been masked by the statistical approach in the
current study and the number of individuals categorized as not substantially changing (S)
does not suggest that modifying posture has nominal influence on force exertion in multi-

joint tasks.

Although this study used real-time 3D optical motion tracking feedback to control
posture, some participants were not able to maintain the setup posture as they produced
maximal force. Hence, differences between participants in the range of postures adopted
(Figures 4.2 and 4.3) may not only have been due to differences in joint mobility, but also
due to participants losing the setup position as they produced maximal lifting force. It also
appears that ability to maintain position varied between postural conditions within an
individual, which may have also been related to biomechanical factors impacting their
ability to exert force such as leverage, mobility, and joint posture dependent torque
capacity. Participants may have moved into joint postures that were stronger, or more

comfortable if they were close to the end range of their joint mobility. Careful consideration
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was taken to ensure participants were able to comfortably assume the desired setup

postures without requiring a high effort.

Factors such as learning and fatigue may have restricted the ability to produce
maximal force in within the 3 trials per condition. Some participants reported feeling that
some postural conditions felt weak, awkward, or uncomfortable. These reported
perceptions may have been influenced by a combination of many factors including the
biomechanical factors discussed above. It is possible that some responses could have
been different with additional practice. The data used in this study was part of a larger
data collection which also included maximal voluntary contractions of the trunk muscles
(Vera-Garcia et al., 2010), 4 maximal isometric lifting exertions and 13 dynamic lifts of a
crate weighing approximately 10 % of the maximal isometric lifting force in the self-
selected posture trials. Previous studies have investigated 56 (Kumar & Garand, 1992)
and 90 (Chen et al., 2011) maximum isometric lifting exertions and 8 (Beckham et al.,
2018), 12 (Guppy et al., 2019) and 18 (Comfort et al., 2015) maximal isometric mid-thigh
pulls within a single data collection session, but did not report observing fatigue.
Participants were frequently asked about their fatigue and although some reported being
slightly fatigued compared to the start of the data collection, they asserted that they did
not feel like it influenced their ability to exert a maximal effort within the postural conditions
investigated here. This is supported by the lack of an effect of the order in which the
conditions were performed (Table 4.1). Further research is required to determine the
consistency of multiple maximal isometric lifting trials and the extent that learning and

fatigue could have influenced the current findings.
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4.5 Conclusion

Modifying both trunk inclination and low back curvature can influence ability to exert force
in multi-joint tasks, but the effect can vary in magnitude and direction (increase/decrease)
across individuals. This high variation in individual responses suggests that the ability to
exert force cannot be inferred from posture alone. Contrary to previous notions drawn
from group level analyses, a single postural profile in a multi-joint movement cannot be
generalized as being the strongest for all individuals. Although some individuals may exert
higher isometric lifting force in postures that are unfavourable for tissue loading and
tolerance (e.g. low back flexion), the variation in the effect of posture on the ability to exert
force suggests potential for individuals to adapt with training to be stronger in postures
that are favourable for tissue loading and tolerance. In fact, the estimated joint contact
forces suggest that training individuals to be stronger in more neutral ranges of spine
posture should be the target for movement coaching due to the cost of flexing the low

back on joint loading and tolerance.
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Chapter 5 : The Effects of Cueing Trunk Muscle
Coordination on Isometric Lifting Strength

5.1 Introduction

The isolated osteoligamentous spine buckles with approximately 90 N of compressive
force (Crisco et al., 1992), requiring the trunk muscles to coordinate to control the
structure of the spine and prevent buckling (Reeves et al., 2007). In comparison to
targeting activity of specific muscles such as the transverse abdominus by cueing
abdominal hollowing, cueing co-contraction of all trunk muscles which is colloquially
referred to as bracing, has a higher potential to stiffen the structure of the spine by
restricting intervertebral rotations to make it more robust to buckling (Grenier & McGill,
2007; Stanton & Kawchuk, 2008; Vera-Garcia et al., 2007). Stiffening the spine in an
approximately neutral intervertebral alignment may further increase the load-bearing
tolerance of the spine and reduce the risk of injury (Callaghan & McGill, 2001; Gallagher
et al., 2005; Gunning et al., 2001; Parkinson & Callaghan, 2009). Immediate reductions
in low back postural displacement which is a gross estimate of changes in lumbar spine
intervertebral alignment, have been elicited within a single session by cueing individuals
to brace during low force demand activities such as a single leg raise (Liebenson et al.,
2009), sudden loading using weights less than 7 kg weights (Norrie & Brown, 2020; Vera-
Garcia et al., 2006, 2007) and lifting 15 kg from the floor (Coenen et al., 2017). However,
it is unknown if cueing bracing can immediately reduce low back postural displacement

during high force or maximal demand tasks.
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Interestingly, cueing bracing has also been suggested to improve force exertion at
the end-effector in multi-joint tasks. Elite strength athletes have been observed to co-
contract their trunk muscles when handling heavy loads (McGill, McDermott, et al., 2009).
Additionally, training trunk muscle bracing for more than 6 weeks can improve impact
force during martial arts striking maneuvers (Lee & McGill, 2017) and increase force
production during isometric trunk and hip extension, as well as maximum velocity during
a (dynamic) barbell squat (Tayashiki et al., 2016). Since these previous investigations
have studied the resultant effects of cueing co-contraction over weeks or longer, it
remains unclear whether the observed improvements in force production are solely due
to cueing trunk muscle coordination or due to the physiological adaptations such as
increases in muscle strength, that can occur over time in response to the cues and
training. Although some co-contraction is necessary for spine motor control (Gribble et
al., 2003; McGill et al., 2003), cueing co-contraction of the abdominal muscles has the
potential to reduce the net effect of the agonist muscle moments. Additionally, bracing to
stiffen the spine and avoid postural displacement may theoretically enhance force
production during a multi-joint task by maintaining the link length of the trunk and its
muscles, and reducing energy dissipation as forces are transferred across the spine
(McGill, McDermott, et al., 2009; McGill et al., 2010; McGill, 2011; Santana et al., 2007).
However, there is a scarcity of direct evidence to confirm if cueing individuals to brace
and stiffen their spine will immediately enhance force exertion in multi-joint tasks.
Investigating the immediate effects of cueing trunk muscle bracing may elucidate the
extent that trunk muscle co-contraction influences the ability to exert force at the end-

effector in multi-joint tasks, without the confounding effects of adaptation to training. This
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can inform on how muscle coordination can influence an individual’s physical
performance potential and advance strategies to assess the effects of movement
execution on physical performance. Additionally, it can inform if trunk muscle coordination

should be cued to acutely influence physical performance.

Scarce evidence is available on how to cue bracing and whether it is even
necessary to explicitly coach individuals on how to coordinate their muscles to create co-
contraction and spine stiffness. Many studies investigating bracing, simply state that they
instructed participants to co-contract (Bressel et al., 2012; Richardson et al., 1992;
Tayashiki et al., 2015, 2016). This simple verbal directive may be similar to the cue
“activate your core”, which is used in professional practice contexts (e.g. fithess training,
musculoskeletal rehabilitation, job coaching, etc.). Yet, a simple verbal directive may not
elicit consistent outcomes across individuals as the interpretation and implementation of
the directive can vary due to the accompanying ambiguity. Some studies have cued
bracing through real time biofeedback using electromyography (EMG) over the external
or internal oblique muscles (Brown et al., 2006; Grenier & McGill, 2007; Vera-Garcia et
al., 2006, 2007). Although hollowing and bracing muscular coordination strategies have
different muscle activation targets and motor execution, cueing these distinct muscle
coordination strategies can similarly increase both external and internal oblique EMG
(Vera-Garcia et al., 2007). Thus, EMG biofeedback of the abdominal oblique muscles
cannot solely cue distinct muscle coordination profiles, suggesting that specific coaching
may be required. Some studies provide physical cues by perturbing an individual’s lumbar
spine posture and instructing them to resist low back postural displacement through co-

contraction (Liebenson et al., 2009), or by palpating and prodding the external oblique
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muscles to provide a specific target to contract against (McGill & Karpowicz, 2009; Norrie
& Brown, 2020). In the practice of movement training and coaching, similar coaching
techniques which include physical cues along with more detailed verbal instruction have
been popularized for teaching bracing which target spine posture, muscle contraction,
and the Valsalva manoeuvre to create intra-abdominal pressure within the context of high
force demand activities such as strength training (McGill, 2016; Starrett & Cordoza, 2015).
However, itis unknown if there is a difference between cueing bracing using simple verbal

directives or detailed coaching cues such as those used in applied settings.

The objective of this investigation was to compare the immediate effects of a
simple verbal directive to “activate your core” and detailed trunk muscle bracing coaching,
on maximal isometric lifting force production, low back postural displacement and trunk
muscle co-contraction. Peak vertical isometric lifting force, low back postural
displacement and trunk muscle co-contraction were evaluated across 3 conditions:
baseline; directive; and coached. It was hypothesized that detailed coaching would be
more effective than simple directives at creating co-contraction that stiffens the spine to

reduce low back postural displacement and increase maximal isometric force production.

5.2 Methods

5.2.1 Experimental Procedures

Maximal lifting exertion trials consisted of 3 baseline trials, followed by 3 trials with the
directive to “activate your core” and finally 3 trials using a coached bracing technique.
Potential residual effects of coaching trunk muscle coordination demanded a sequential

order of the experimental conditions so that the natural response could be observed
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during baseline and directive conditions. For all trials, participants would first hold the
handle and assume a setup lifting position which was based on their self-selected position
during baseline trials. A start command was given following a 3 second countdown, after
which participants began a ramp exertion until they were sure they exerted maximal effort.

A minimum rest of 2 minutes was taken between each trial.

For the baseline trials, participants self-selected their lifting posture and stance
which was restricted within the area of the 2 adjacent force plates (approximately 0.5 m?).
Foot position was taped so that it could be maintained across subsequent trials. They
were instructed to select a setup position that did not include excessive rounding or
arching of their low back. The range in low back, right hip, and right knee flexion/extension
joint angle during the 3 second countdown period across the 3 baseline trials, was used
to guide participants into the same setup position for the subsequent directive and
coached experimental conditions, using real time optical motion tracking feedback (NDI
First Principles Version 1.2.4, Northern Digital Inc., Waterloo, ON, Canada). Three
dimensional joint angles were calculated in NDI First Principles, as the orientation

between diode rigid bodies on the relevant segments.

Before the performing the trials for the directive condition, participants were

verbally instructed to “activate your core” while performing the maximal lifting exertion.

Prior to the coached condition, participants were coached through specific targets
for intentionally bracing their trunk muscles, based on the work by McGill (2016) and
Starrett & Cordoza (2015). Participants were requested to focus on what was specifically
being coached, how it felt when the researcher confirmed that they successfully achieved

the desired targets during coaching, and to create distinction between how they may
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typically coordinate their trunk muscles so that they could avoid reverting to what they
typically do. The coaching process began with a researcher using their fingers to prod
both sides of the participant’s lower trunk between the ribcage and pelvis, targeting the
obligue muscles, while the participant was standing and relaxed. Participants were then
asked to try to contract their muscles to push the researcher’s fingers and resist the
fingers from prodding into the abdominal cavity. Participants were informed that they
should feel contraction all around their lower trunk and the researcher attempted to
observe if the participant successfully created the desired contraction of stiffening the
trunk without excessively protruding or hollowing the abdominals. Once achieved, the
researcher once again prodded the participant’s lower trunk as they were relaxed but
gave the instruction to inhale in a way that caused the lower trunk to expand against the
researcher’s fingers. It was emphasized that this expansion due to inhalation was different
from the previous muscle contraction. Once the participant was able to achieve the
desired inhalation and expansion of the lower trunk, they were given approximately 1
minute to practice the muscle contraction and the inhalation without feedback from the
researcher but were encouraged to repeat the prodding and steps that were performed
during the researcher’s coaching on their own. After this short practice, the researcher
asked the participants to perform the muscle contraction and inhalation to ensure that
they were able to successfully perform them. If needed, some additional feedback was
given. The participant was then given a sequence of steps to brace their lower trunk. This
included first maximally activating their trunk muscles as coached, followed by inhalation
so that they felt pressure against their abdominal wall that they could contract against.

The final step was to push the tip of their tongue against the bottom row of their teeth and
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the middle of their tongue to the roof of their mouth. The aims of these steps were to first
create trunk stiffness through muscle contraction, then increase intra-abdominal pressure
with the coached inhalation, and finally use the tongue to create a Valsalva. Participants
performed all three steps in sequence and tried to maintain the brace as they reached
down to hold the handle, assume the lifting setup position, and then give a submaximal
lifting effort. Participants were informed that they could perform a quick inhalation by
“sipping the air” during the countdown proceeding the start command prior to beginning
the maximal lifting exertion if they felt like they needed it, but to ensure that this breath
did not change what the brace felt like during coaching or cause them to lose their brace.
They were instructed to avoid exhaling but to focus on maintaining the brace, rather than
trying to hold their breath, as it was assumed that focusing on holding the breath would
distract participants from maintaining the brace. After the submaximal practice trial,
participants were asked if they felt like they were able to successfully replicate the
coached brace without the researcher’s help and could do so while performing a maximal
lifting effort. Upon confirmation, 3 trials of maximal lifting exertions were performed using

the coached bracing technique.

At the start of the data collection, participants were asked about their activity
history as well as if they usually think about bracing or activating their core and how they
cue themselves to do so. Towards the last trial of the coached condition, an informal
unstructured interview was conducted where participants were primarily asked if they felt
any differences between the 3 experimental conditions and if they perceived any

differences in their ability to produce lifting force.
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5.2.2 Data Analysis

A vector between the diodes on the handle and load cell was resampled to 2000 Hz and
used to find the vertical component of the applied lifting force. The peak vertical lifting
force and the instant it occurred was recorded. The onset of force production was
identified using the first derivative method (Pinto & Callaghan, 2023). This included
filtering vertical force-time signal using 10 Hz Butterworth dual pass low pass filter before
calculating the first derivative of the signal. The onset was marked as the first instant of
the longest time period during which the first derivative of the signal was continuously
positive, between the first 1.5 seconds of the recording (i.e. middle of the 3 second
countdown period) and the instant where the vertical force reached 50% of the maximum

force exerted.

Motion tracking data were processed in Visual 3D (Version 2022, HAS-Motion,
Inc., Kingston, ON, Canada). These data were first filtered using a dual pass low pass
Butterworth filter with a 10 Hz cut-off (Kristianslund et al., 2012; Tomescu et al., 2018).
Low back 3D joint angles were calculated relative to quiet standing, using a
flexion/extension, lateral bend, and axial twist Cardan angle rotation sequence. Low back
postural displacement was quantified as the difference in low back angle between the
onset of the trial and the instant of time where peak lifting force was exerted. This
difference in low back angle was normalized to each participant’'s maximum low back

flexion angle to make the changes relevant to each individual’s range of motion.

Co-contraction was estimated using an anatomically detailed EMG-driven
musculoskeletal model of the lumbar spine, consisting of 118 muscle lines of action and
6 lumbar vertebrae each with 3 rotational degrees-of-freedom (Cholewicki & McGill, 1996;

77



Grenier & McGill, 2007; Howarth et al., 2008; McGill & Norman, 1986). This approach
was selected to capture the combined effect of muscle activity, muscle force and
anatomical orientation that influence the moments generated by the trunk muscles. As
opposed to classifying muscles as being agonist and antagonist a priori, this approach
estimated the contribution of each muscle line of action to the agonist or antagonist
moment based on its posture dependent anatomical orientation. The model inputs were
low back 3D joint angles and normalized linear enveloped EMG of the 12 trunk muscles

collected in the current study.

EMG was linear enveloped, by first subtracting the bias (average across the
signal), followed by full-wave rectification and finally filtering the EMG signal using a single
pass second order low pass Butterworth filter with a 2.5 Hz cut-off frequency (Brereton &
McGill, 1998). The linear enveloped EMG was then normalized to the peak linear
enveloped EMG achieved during the MVIEs and down-sampled to 40 Hz to match the
low back kinematic and kinetic data. EMG channels that appeared to have signal artifacts
or loss of signal were replaced with the signal from the opposite side, assuming bilateral
symmetry, before being input into the musculoskeletal model. This change was typically
made across all trials within a participant to avoid influencing the comparisons between
the experimental conditions and was applied at least to 1 EMG channel for 30 of the

participants.

Within the musculoskeletal model, the vertebral and muscle kinematics were
driven by the low back 3D joint angles. Activation of muscles that are too deep to observe
using surface EMG were estimated from the collected surface EMG as follows: multifidus

and quadratus lumborum from lower erector spinae, psoas and transverse abdominis
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from internal oblique (Brown & Potvin, 2007; McGill et al., 1996). Muscle force was

estimated using a Hill-type muscle model (McGill & Norman, 1986):
Fp = [NEMG,, X PCSAy X Oy X Ly X Uy + Fpec ]

where E, is the force produced by a muscle fascicle (m) about its line of action (N),
NEMG,, is the normalized linear enveloped EMG, PCSA,, is the physiological cross-
sectional area of each muscle (cm?), g, is the maximum stress that the muscle can
potentially produce (set at 35 N/cm?), L, is the length coefficient (unitless), v,, is the
velocity coefficient (unitless), and F,..is the force produced by the passive elastic
component (N). The net flexor and extensor moments generated by muscles crossing the
L4/L5 vertebral joint were estimated. Co-contraction was calculated as the proportion of
flexor muscle moment relative to the extensor muscle moment. This approach considered
for the resultant contributions of different muscle line of actions based on anatomical
orientation and posture, to the flexor/extensor moments, rather than pre-assigning

muscles as agonists or antagonists.

5.2.3 Statistical Analysis

Linear mixed effects models were used to investigate the within-participant changes
across the 3 conditions (baseline, directive, coached) using the ImerTest package in
RStudio (Version 2023.03.0, The R Foundation, Vienna, Austria). This statistical
modelling approach allowed for the analysis to conserve all the recorded trials (3 trials x
3 conditions x 40 participants) by accounting for the multilevel data structure (i.e. multiple
trials per participant) to avoid pseudo-replication. The linear mixed effects model also

allowed for inclusion of heterogeneity in participant responses by estimating intercepts
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and slopes for each participant. Data from 2 participants were excluded for the co-
contraction analysis due to EMG artifacts that could not be accommodated by assuming

bilateral symmetry.

A linear mixed effects model was created for each dependent variable (peak
vertical lifting force, low back postural displacement, trunk muscle co-contraction). An
additional model was created with the low back posture at onset of the isometric exertion
as the dependent variable to assess if changes in low back postural displacement could
be attributed to differences in initial posture. Each of these models included a fixed effect
and random slope for condition as a factor with 3 levels (baseline, directive, coached),
and a random intercept for each participant. Main effects of condition were examined from
the model using a Type lll Analysis of Variance with a Satterthwaite's method for
estimating degrees of freedom. Significant main effects were further investigated using
pairwise comparisons with a Tukey adjustment the multiple comparisons between

conditions (emmeans package). Statistical significance was considered if p<0.05.

5.3 Results

Peak vertical lifting force significantly decreased in the directive and coached condition
compared to baseline (pairwise p<0.0001), but the difference between the directive and

coached condition was not significant (pairwise p=0.5671; Figure 5.1, Table 5.1).

Compared to baseline, low back postural displacement slightly decreased during
the directive condition, but this difference was non-significant (pairwise p=0.1690),
whereas displacement significantly decreased during the coached condition (pairwise

p=0.0006). The directive condition was not significantly different from the coached
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condition (pairwise p=0.1296, Figure 5.2, Table 5.1). Low back posture at onset of the
exertion was not significantly different across conditions (main effect p=0.08605, Table

5.1).

Trunk muscle co-contraction was significantly higher in the coached condition
compared to baseline (pairwise p=0.0003) and the directive condition (pairwise
p=0.0071). However, the directive condition was not significantly different from baseline

(pairwise p=0.3324; Figure 5.3, Table 5.1).

Table 5.1: Estimated marginal means [95% Confidence Interval] for peak lifting force, low
back postural displacement (change in low back posture from onset to the peak of the
isometric exertion) and co-contraction for each condition.

Baseline Directive Coached
1194 1109 1096
Peak lifting force (N)
[1031, 1358] [962, 1256] [950, 1241]
Low back postural displacement 21.4 19.5 17.2
(% max flexion angle) [17.6, 25.2] [15.4, 23.6] [13.2, 21.3]
10.1 11.0 135
Trunk muscle co-contraction (%)
[8.58, 11.6] [9.07, 12.9] [11.08, 15.8]
Low back posture at onset of the 41.8 44.7 44.0
exertion (% max flexion angle) [35.5, 48.1] [38.0, 51.4] [36.8, 51.1]
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Figure 5.1: Force significantly decreased in the directive and coached condition compared
to baseline but did not significantly differ between the directive and coached condition.
Estimated marginal means are represented in black with the error bars representing
standard error. The estimates for each participant from the linear mixed effects model are
depicted by the coloured points and lines, where each colour represents a participant.
Significant differences between conditions are indicated by “*”.
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Figure 5.2: Low back postural displacement significantly decreased in the coached
condition compared to baseline but did not significantly differ compared to the directive
condition. Estimated marginal means are represented in black with the error bars
representing standard error. The estimates for each participant from the linear mixed
effects model are depicted by the coloured points and lines, where each colour represents
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a participant. Significant differences between conditions are indicated by “*”.
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Figure 5.3: Trunk muscle co-contraction significantly increased in the coached condition
compared to the baseline and directive condition, but the directive condition did not
significantly differ from baseline. Estimated marginal means are represented in black with
the error bars representing standard error. The estimates for each participant from the
linear mixed effects model are depicted by the coloured points and lines, where each
colour represents a participant. Significant differences between conditions are indicated
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Participants in this study varied in their physical activity history which ranged from
those that do not resistance train to competitive powerlifters. When questioned if they
typically thought about bracing or activating their core and how they cued themselves to
do so, most participants reported that they typically braced or activated their core without
consciously cueing themselves during activities. They described their strategy as
“tightening” abdominal muscles or contracting their “core” (n=13), often with some form
of breathing pattern which typically included inhalation (n=14). Other descriptions
included inhalation without any description of muscle contraction (n=4) and contracting to
draw the abdominals or umbilicus inwards towards the spine (n=6). Three participants
reported that they do not think about or cue themselves on how they brace or activate
their core. All participants commented that the coached technique was different from how
they typically brace or activate their core. Most of the participants also preferred the
coached bracing technique and reported that it made their trunk and/or body feel more
“stiff”, “stable”, “solid” and/or “comfortable”. Some reported feeling stronger using the
coached technique compared to the directive and baseline condition, while others
commented that they felt like they could exert more force using the coached technique if
given time and practice. Two participants did not prefer the coached technique as they
felt it was too cognitively demanding. Other participants gave similar feedback, indicating
that they had to give a high amount of attentional focus and cognitive effort to the detailed
cues provided in the coached condition. Some noted they lost their brace and needed
more practice using the coached condition to be able to maintain the brace while

maximally exerting force.
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5.4 Discussion

The coached detailed bracing technique was more effective than the simple verbal
directive in increasing co-contraction and decreasing low back postural displacement
compared to baseline. However, both types of cues decreased maximal isometric lifting
force exertion. These results suggest that simple verbal directives are not as effective as
detailed coaching at acutely modifying trunk muscle coordination to influence spine
stiffness. Yet, cueing trunk muscle coordination during high force demand tasks can

immediately inhibit force production regardless of the type of cue given.

The immediate decreases in peak lifting force after cueing trunk muscle
coordination across both the directive and coached conditions may not be due to trunk
muscle co-contraction. This is because isometric lifting force decreased to a similar extent
in both the directive and coached conditions compared to baseline, but co-contraction
only increased in the coached condition. Decreases in force may be better explained by
the cognitive demand and attentional focus imposed by cueing trunk muscle coordination.
Many patrticipants reported that the coached condition required high amounts of effort to
think about the detailed cues and attend to what they were doing. These results align with
previous reports showing that cueing trunk muscle coordination can increase mental and
physical workload (McPhee et al., 2017), and that cognitive demand can decrease force
production (MacDonell & Keir, 2005; Mehta & Agnew, 2011). While the simple directive
should not have required a cognitive effort as high as the coached condition, most
participants reported that they typically activate their core automatically without needing
to consciously focus on it. Thus, the instruction to “activate your core” may have created

a cognitive demand to focus on the trunk muscles, which may have distracted from the
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objective to produce maximal force. In both conditions, the resultant internal focus could
have also interrupted the natural motor control to produce maximum force, as proposed
by the constrained action hypothesis (Wulf, 2013). Thus, coaches choosing to cue trunk
muscle coordination should do so with caution, when peak performance is the primary

objective (e.g. during competition).

Some co-contraction is necessary for motor control (Gribble et al., 2003; McGill et
al., 2003), but it is possible that co-contracting more than necessary may limit the
contributions of the extensor moment to the net low back moment. If so, there should
have been a difference in isometric force production between the directive and coached
condition, as the directive condition did not elicit superfluous co-contraction for many
individuals. Unfortunately, the current investigation may not clearly elucidate the effect of
co-contraction on isometric end-effector force exertion due to the confounding influence
of the cognitive effort, attentional focus and the difficulty participants reported in executing
the coached bracing technique during the maximal exertion without additional practice.
On average, the increase in co-contraction in the coached compared to the baseline
condition was relatively low (Figure 5.3, Table 5.1), suggesting that cueing co-contraction
may not substantially counter the net contributions of the extensor moments. However,
this small change in co-contraction appears to be effective at resisting low back postural

displacement

Although cueing trunk muscle coordination decreased maximal isometric force
production, detailed coaching on how to brace but not simple verbal directives reduced
low back postural displacement. This confirms that simple verbal directives are not as

effective as the detailed coaching technique in reducing low back postural displacement.
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The response to simple verbal directives can be attributed to prior beliefs concerning what
it means to “activate your core”, which is evident from the various descriptions given by
participants about what they typically do to brace or activate their core. Although the
detailed coaching technique was expected to lead to more consistent results, the
responses greatly varied across participants such that some increased low back postural
displacement (Figure 5.2) and decreased co-contraction (Figure 5.3). This inter-individual
variability in response can be explained by the fact that some participants found it difficult
to immediately incorporate the coached technique during the maximal exertion and
reported that they required more time and practice. Hence, using cues to modify trunk
muscle coordination requires practice. Thus, investigations of the immediate responses
to cueing different coordination strategies (hollow vs. brace) or using different types of
cues (simple directive vs. detailed coaching) cannot be generalized until study designs
capable of making inferences about acquisition, retention, and training transfer are used.
Future studies should aim to provide more time for practice and adaptation so that the full
extent of any potential effects can be observed without the confounding influence of
learning, cognitive workload, and attentional focus that were observed in the current

study.

A few other limitations of this work should be noted in addition to the limitations
already discussed. This study is unique in that it provided and reported in detail the
specific coaching cues used to cue participants to change their trunk muscle coordination.
However, it did not quantitatively confirm if each participant learned the modified their
trunk muscle coordination prior to observing its impact. In addition to providing more time

and practice to learn any changes in trunk muscle coordination, future work should aim
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to distinguish if participants are able to perform the brace as coached before evaluating
any effects, as there can be high variability in participant responses as indicated in this
study. Another limitation is that only one method of coaching trunk muscle bracing was
investigated. It cannot be assumed that the approach taken in this study is the most
appropriate way to coach trunk muscle coordination for all individuals, or for all tasks.
Although the current results show that detailed coaching can immediately reduce low
back postural displacement and increase co-contraction it remains unclear if increasing
co-contraction can acutely enhance maximal force production due to the confounding
effect of cognitive and attentional demands imposed by cueing trunk muscle coordination
during the maximal exertion. The estimation of co-contraction assumed a constant EMG-
to-force relationship across all the trunk muscle line of actions included in the
musculoskeletal model and did not attempt to calibrate this relationship for each muscle
which can impact the estimation of co-contraction (Cholewicki et al., 1995). The findings
of the current study may have been influenced by fatigue as the data analyzed were from
the end of a larger protocol, which included 19 maximal isometric lifting trials prior to the
9 trials analyzed here. Potential residual effects of coaching trunk muscle coordination
demanded a sequential order of the experimental conditions which consequently makes
it difficult to infer and account for the impact of fatigue due to the consistent order of
conditions. Previous research has examined 56 (Kumar & Garand, 1992) and 90 (Chen
et al., 2011) maximal isometric lifting exertions and did not report substantial influences
of fatigue. Participants were asked about their fatigue and although some reported being
fatigued compared to the start of the larger data collection, they did not feel like fatigue

influenced them across the 9 trials analyzed here.
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5.5 Conclusion

Detailed coaching is more effective than simple verbal directives at modifying trunk
muscle coordination to increase co-contraction and decrease low back postural
displacement. However, both detailed coaching and simple verbal directives can inhibit
maximal isometric force production if provided immediately before a given exertion. To
encompass the complete effects of modifying trunk muscle coordination, future work
should go beyond investigating the immediate effects to provide time for learning the

desired trunk muscle coordination patterns.
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Chapter 6 : Explaining the Individually Varying
Effects of Posture on Isometric Lifting Strength

6.1 Introduction

Posture can influence the ability to exert force in multi-joint tasks (Kumar & Garand, 1992),
though its effect can vary considerably across individuals in magnitude and whether
strength increases or decreases with a given postural change (Study 1, Chapter 4). For
whole-body exertions like lifting, this suggests that a universally “strongest” postural
profile may not exist, and that inferences about strength based solely on postures
observed should be questioned. However, it is unclear if proxies or predictors of leverage
that are derived from kinematic quantities, can reasonably capture the individual variation
in the effect of posture on kinetic quantities like strength. If possible, it may then become
feasible to make inferences about the effects of posture on strength in practice settings,
as there are kinematic measurement techniques such as video recording that are simple
to use and accessible. This could facilitate individualized movement assessment,
coaching, and training in contexts when environment, equipment, and expertise to

capture kinetic data in conjunction with kinematic data are limited.

The joint-to-external force horizontal distance (Figure 6.1 A and B) is one kinematic
guantity that has been proposed as a proxy for external moment arm (Dai & Layer, 2019;
Escamilla et al., 2000; Kipp & Harris, 2017; Pinto & Dickerson, 2021; Swinton et al., 2011,
2012; Van Den Tillaar & Ettema, 2009). Based on principles of leverage and mechanical
advantage, this proxy has specifically been used to infer and conceptualize how muscular

demand can vary with posture to influence force exerted at the end-effector in empirical
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research comparing different postures (Dai & Layer, 2019; Escamilla et al., 2000; Kipp &
Harris, 2017; Pinto & Dickerson, 2021; Swinton et al., 2011, 2012; Van Den Tillaar &
Ettema, 2009) and in translational publications discussing the effects of joint posture on
the ability to exert force (Keogh et al., 2013; Straub & Powers, 2024). Although, one study
has shown that the glenohumeral joint-to-external hand force moment arm is associated
with the maximal isometric hand force during upper extremity exertions in varying
postures while seated (La Delfa & Potvin, 2016), it has yet to be verified if the joint-to-
external force moment arms can explain variation in ability to exert force at the end-

effector in more complex multi-joint tasks such as lifting a low-lying object.

In contrast to the joint-to-external force horizontal distance, the external moment
arms effectively incorporated in formal analyses of mechanical linkages are calculated as
the distances between the gravitational, inertial and inter-segment reaction forces acting
on isolated body segments and an axis of rotation such as segment centre-of-mass or its
end-points. If the assumptions of the joint-to-external force moment arm approach were
adopted to ignore the effects of gravitational and inertial forces, the external moment arms
of a joint relative to the inter-segment reaction force at the distal end-point of the segment
(Figure 6.1 C) would conceptually represent a similar quantity as the joint-to-external
force horizontal distance, but in the framework of a rigid linked segment model. Although
this joint-to-inter-segment reaction force is not typically assessed, this representation of
the external moment arm would be relative to the anatomical reference frame which would
not be captured by the joint-to-external force moment arm. This potentially makes the
joint-to-reaction force moment arm more sensitive to individually varying features such as

body segment lengths, which have previously been associated with strength in multi-joint
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tasks (Cholewa et al., 2019; Ferland et al.,, 2020; Lockie et al.,, 2018). However,
guantifying the external moment arms alone, irrespective of the method discussed, may
not sufficiently explain the effects of posture on the ability to exert force in all multi-joint
tasks, as it ignores body segment mass-inertial properties and complex mechanical
energy transfers within and between segments due to physical connections between
adjacent segments and associated actions of uni- and multi-articular muscle-tendon
complexes (van Ingen Schenau et al., 1994; Zajac et al., 2002). These factors are crucial
in estimating the contribution of each joint to the end-effector force exerted which is
evident from the differences between net joint moments estimated from rigid linked
segment models which encompass some of these factors, and moments estimated from
the product of the joint-to-external force moment arm and external force that ignore these

factors (Toussaint et al., 1992; Wells, 1981).
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Figure 6.1: 2-dimensional depiction of the different external moment arm estimation
approaches during a lifting task. A: Horizontal distance from the joint to the vertical
projection of the hand force (HDHF). B: Horizontal distance of the joint to the vertical
projection of the ground reaction force (HDGRF). C: Horizontal distance between the joint
centre and the distal joint centre which marked the location of the inter-segment reaction
force (HDRF).
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A joint’s torque-generating capacity is another proxy for leverage that has been
predicted from kinematic quantities such as the joint angular position and instantaneous
velocity. Joint angle modulates the muscle-to-joint moments arms (i.e. internal moment
arms; Finni, 2006). Joint angle and velocity change the length and velocity of the
musculotendinous unit which influences muscle force generation (Heckman &
Sandercock, 1996; Herzog, 1996) and transfer across the musculotendinous unit (Finni,
2006; Heckman & Sandercock, 1996; Zajac, 1989). Yet, the effect of the interaction
between the internal moment arms and musculotendinous unit length and velocity on joint
torque are typically described as non-linear and can vary across directions of joint torques
and across joints (Frey-Law et al., 2012; Loren et al., 1996; Zatsiorsky, 2003). As a result,
normative data from strength testing has been used to model the joint angle- and velocity-
dependent torque capacity of various joints to estimate the effects of movement execution
on the ability to exert force (Anderson et al., 2007; Frey-Law et al., 2012; Hussain & Frey-
Law, 2016; Stockdale, 2011). Digital human models have used the predicted joint torque-
generating capacity to estimate the strength requirement for a given joint while performing
a task (Abdel-Malek et al., 2019; Chaffin, 1997). Some researchers have simulated
optimal postural profiles based on the predicted joint angle-velocity torque capacity,
assuming that the postures and velocities providing highest joint torque capacities would
maximize end-effector force exertion in multi-joint tasks (Xiang et al., 2019; Zaman et al.,
2021). However, using predictions of joint torque-generating capacity based on normative
data to estimate the effects of posture on the ability to exert force at the end-effector on
an individual basis, may not capture potentially meaningful individual differences in the

joint angle-velocity torque capacity (Alegre et al., 2014; Brughelli et al., 2010; Herzog et
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al., 1991; Noorkdiv et al., 2014; Savelberg & Meijer, 2003) and in the relative strength
between joints (e.g. knee relative to back strength; Li & Zhang, 2009). Hence, the extent
to which normative data-based torque-generating capacity predictions can be used as a

proxy for leverage on an individual basis is unclear.

The objective of this study was to examine the extent to which proxies for leverage
derived from kinematic quantities can statistically explain the individual variation in the
effects of posture on the ability to exert isometric force in multi-joint lifting. The joint
external moment arms were calculated using 3 different approaches (Figure 6.1). The
extent to which the external moment arms and predicted joint torque capacity could
explain the variation in empirically measured maximal isometric lifting force across 4
different postural conditions was evaluated. The net joint reaction moments from a rigid
link model were also evaluated to compare the extent to which variables derived from
kinematic and kinetic data (e.g. net joint moments) could explain the individual varying
effects of posture on isometric multi-joint strength. Consistent with fundamental
biomechanical principles, it was hypothesized that the net joint reaction moments
calculated using a rigid link model and inverse dynamics would explain a higher
proportion of the individually varying effects of posture on the ability to exert isometric
lifting force compared to the variables derived solely from kinematic quantities (external

moment arms and predicted joint torque capacity).

6.2 Methods

This study analyzed data from Study 1 (Chapter 4), which motivated the current

investigation.
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6.2.1 Experimental Procedures

Participants performed 4 postural conditions in a block randomized order, which included
2 trunk inclinations (vertical and horizontal), each performed with 2 low back curvatures
(neutral and flexed). For the trunk inclination conditions, participants were coached to
adopt a lifting posture that enabled them to keep their trunk as vertical or horizontal as
possible for each respective condition. Neutral low back curvature was cued to be within
30% of maximum low back flexion and the flexed curvature was cued to be above 80%
of each individual’s maximum low back flexion angle. Trunk inclination was modified
through hip, knee, and ankle rotation, whereas low back curvature was modified by pelvis
and ribcage rotation. Foot stance was kept consistent across the postural conditions. Real
time optical motion tracking feedback and video were used to help participants learn and
setup for each postural condition. Three trials were performed per condition with a

minimum of 2 minutes of rest between trials (Study 1, Chapter 4).

6.2.2 Data Analysis

Since the postural conditions empirically observed primarily differed in posture of the
lower limb and low back and the task was assumed to be symmetrical, this investigation
focused on calculating each of the variables (external moment arms, predicted joint
torque capacities, and net joint reaction moments) across the right ankle, right knee, right

hip, and low back.

Kinematic and force plate data were dual pass low pass Butterworth filtered with a 10
Hz cutoff (Kristianslund et al., 2012; Tomescu et al., 2018), and used to calculate 3D joint
centre positions, joint angles and net joint reaction moments for the right ankle, right knee,
right hip and the low back in Visual 3D (Version 2022, HAS-Motion, Inc., Kingston, ON,
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Canada). The joint centre of the low back was estimated as the proximal end of the pelvis
segment at the mid-point between the iliac crests. A flexion/extension, lateral bend and
axial twist Cardan angle rotation sequence was used to calculate joint angles relative to
quiet standing. Net joint reaction moments were calculated using a linked segment model
and bottom-up inverse dynamics using conventional Visual 3D anthropometric data
scaled to each individual’s height and body mass. Their data were exported from Visual
3D and imported into the subsequent analysis script in Python (Python Software
Foundation, Wilmington, DE, USA; Spyder IDE, Version 5.3.0, Spyder Project

Contributors).

The vector between the handle and load cell kinematic marker was interpolated to
2000 Hz and then used to find the vertical component of the lifting force recorded by the
load cell. The peak vertical lifting force and the instant it occurred was identified. The 3D
joint centre locations, joint angles and net joint reaction moments of the right ankle, right
knee, right hip, and low back at the instant of peak vertical lifting force were identified.
The external moment arms were calculated using 2 variations of the joint-to-external force
moment arm approach and 1 variation of the joint-to-inter-segment reaction force moment

arm (Figure 6.1):

1) Horizontal distance to the hand force (HDHF): Previous research has estimated

the joint-to-external force moment arm as the horizontal distance between a joint
a barbell held by the hands as the location of the external force (Escamilla et al.,
2000; Pinto & Dickerson, 2021; Swinton et al., 2011, 2012; Van Den Tillaar &
Ettema, 2009). Thus, the first variation of the joint-to-external force moment arm

investigated was the horizontal distance between the joint and the vertical
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2)

component of the external end-effector force exerted at the hands. The location of
the hand force was marked by the kinematic infrared emitting diode placed on the

middle of the handle (Figure 6.1 A).

Horizontal distance to the ground reaction force (HDGRF): The second variation

of the joint-to-external force moment arm within the published literature is the
perpendicular distance between the joint and the projection of the ground reaction
force (Kipp & Harris, 2017). The location of the ground reaction force was taken as

the centre of pressure of the right foot (Figure 6.1 B).

Since the task investigated was maximal isometric lifting exertions, the
vertical component of the exerted force was of primary interest. Calculating the
horizontal distance between the joint and the location of the external force is
equivalent to estimating the perpendicular distance between the joint centre and
the vertical component of the external force vector. Thus, the horizontal distance
between each joint and each of the 2 external force locations (HDHF and HDGRF)

were calculated using the anterior posterior and mediolateral axes coordinates:

Joint — to — External Force

Horizontal Distance = (x joint — xExternal)2 + (Z joint — ZExternal)2

centre Force centre Force

Where x and z are respectively the anterior posterior and mediolateral axes

coordinates for the given joint and for the location of the external force.
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3) Horizontal distance to the inter-segment reaction force (HDRF): The joint-to-inter-

segment reaction force moment arm was estimated as the horizontal distance
between the joint centre and the location of the inter-segment reaction force which

represents the effect of the external force on a given segment was calculated as:

Joint — to — Reaction Force
Moment Arm

(x joint — xReactlon Force) + (Z joint — ZReactLon Force)

centre il centre il

Where the location of the vertical component of the inter-segment reaction
force for the ankle joint was the centre of pressure of the force plate, and the
location of the reaction force for all other body segments was the joint centre of the

distal segment.

The joint angle dependent torque capacity was estimated using the logistic

equation proposed by Looft Frey-Law (2015):

—(6-C2) —(w—C5) —(6-C2) (w—C5)
4Cle c3 4C4e cCo 16 C7e ¢C3 c6

= —(9 c + —(w 5 T —(9 c —(w—-C5)
1+ e ¢ )2 (1+ e c6 )2 (1+ e )2><(1+e c6 )2

Where S is the estimated maximum torque generated by a joint, as a function of

joint angle (#) and joint angular velocity (w). C1-7 are the coefficients specific to each
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joint (ankle, knee, hip, trunk), direction (flexion or extension) and sex, which were
determined by fitting the logistic equation to previously reported mean maximal torque
data from strength testing using a Levenberg-Marquardt algorithm least squares
optimization (Frey-Law et al., 2012; Hussain & Frey-Law, 2016; Looft & Frey-Law, 2015;
Stockdale, 2011). Since modifying posture has been shown to change the direction of the
net joint reaction moments (Hwang et al., 2009; Toussaint et al., 1992), the calculated net
joint reaction moment at the instant of peak vertical lifting force for each joint was used to
determine the direction of torque generation. Specifically, the direction (flexion/extension)
was selected to oppose the net joint reaction moment such that a flexor net joint reaction
moment would require joint extension torque. Only the knee net joint moment changed in
direction within the current data across the different postures. Accordingly, the coefficients
for flexion or extension maximum knee torque were used depending on the direction of
the net joint reaction moment. The velocity was assumed to be 0°/s as the task was

isometric.

6.2.3 Statistical Analysis

Linear mixed effects models were used to analyse the relationship between the observed
peak vertical force exerted on the handle (dependent/outcome variable) with each
biomechanical variable calculated (independent variable/fixed effect; ImerTest package,
RStudio Version RStudio 2023.03.0, The R Foundation, Vienna, Austria). The
biomechanical variables were 3 different calculation variations of the external moment
arm, the predicted joint torque capacity, and the net joint reaction moments. A linear

mixed effects model was created for each biomechanical variable and the respective
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variable values for the right ankle, right knee, right hip, and low back were each entered

as individual independent variables within each model.

The linear mixed effects model allowed for the regression analysis to account for
individual regression slopes for each participant by fitting the model with a random
intercept for each participant and a random slope for the relationship to each
biomechanical variable across the observed joints. The marginal and conditional R?
values were estimated to determine the extent to which each biomechanical variable
could explain the variation in the effects of posture on observed maximum vertical lifting
force across all individuals (Nakagawa et al., 2017). The marginal R? represents the
proportion of total model variance explained by the fixed effects which are the aggregate
regression estimates (i.e. group level estimate). The conditional R? represents the
proportion of variance explained by both the fixed effects and the random effects which
represent the between individual differences in the fixed effect estimates. Accordingly,
the marginal R? indicates the extent to which the estimated fixed effect (i.e. aggregate
group level) relationship between the values calculated for the respective biomechanical
variable across the right ankle, right knee, right hip, and low back, could explain the total
variance in the model which includes the individually varying effects of posture on
isometric lifting strength. The conditional R? value indicates the extent to which
considering the random effects (i.e. varying intercepts and slopes for each participant)
together with the fixed effects would explain the total variation in the model. Thus, a high
marginal R? value would indicate that the biomechanical variable would capture the

individually varying effects of posture on isometric lifting strength.
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6.3 Results

The fixed effect (aggregate) relationship between the biomechanical variables derived
from kinematic measurements (external moment arms and predicted joint torque
capacities) explained a very low proportion of the variance in the effects of posture on the
maximal isometric lifting force, as indicated by the marginal R? values (below 17%; Table
6.1). Accounting for the heterogeneity in the relationship between the external moment
arms or the predicted joint torque capacities with the exerted isometric lifting force, by
estimating intercepts and slopes for each participant, increased the ability of these
biomechanical variables to explain the total variance in the model, as indicated by the
higher conditional R? values (greater than 93%; Table 6.1). Thus, the external moment
arms and predicted joint torque capacities are sensitive to the effect of posture on the
ability to exert maximal isometric force, but do not consistently capture individual

differences in the effect of posture on isometric lifting strength.

In contrast, the fixed effect relationship between the net joint reaction moments
and isometric lifting strength was able to explain a high proportion of the variation in the
model as indicated by the marginal R? values (approximately 80%; Table 6.1). This
suggests that the individually varying effects of posture on the ability to exert maximal
isometric force in a multi-joint task are more consistently explained by the net joint
reaction moment estimated from formal rigid linked segment modelling, without needing
to estimate individual differences in the relationship between the net joint reaction

moment and the exerted force.
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Table 6.1: Marginal and conditional R? values calculated from linear mixed effects models
for each biomechanical variable investigated. The marginal and condition R? describe the
proportion of variance explained by only the fixed effects (aggregate/group level
relationship) and both the fixed and random effects (individually varying relationships)
respectively.

Biomechanical Variable Marginal R? Conditional R?
HDHF 0.123 0.958
HDGRF 0.018 0.941
HDRF 0.035 0.944
Torque Capacity 0.169 0.930
Net Joint Moment 0.795 0.986

Note: HDHF: horizontal distance to the hand force, HDGRF: horizontal distance to the
ground reaction force. HDRF: horizontal distance to the inter-segment reaction force.

6.4 Discussion

The external moment arms and predicted torque capacity which are derived from
kinematic quantities, were not able to explain the variation in the effects of posture on
isometric lifting strength. Although these variables may encompass relevant information,
they did not independently capture the varying effects of posture on isometric lifting
strength without accounting for individual differences in the relationship between these
variables and isometric lifting strength. In contrast and as expected based on fundamental
biomechanical principles, the net joint reaction moment explained a high proportion of the
total variation in the effects of posture on isometric lifting strength without needing to
independently account for any individual differences in the effect of the net joint reaction
moments on isometric lifting strength. Thus, variables derived solely from kinematic data
may not be the best suited for assessing the individually varying effects of posture on

isometric force exerted at the end-effector in a multi-joint task.
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The current results suggest that the external moment arms alone cannot capture
the effects of posture on the ability to exert force in multi-joint tasks. Thus, inferences
based solely on the changes in external moments arms due to postural modifications
should be questioned. Additionally, it appears that the joint-to-inter-segment-reaction
force does not provide any substantial improvement over the joint-to-external force in
capturing the effects of posture on the ability to exert force. The inability of the external
moment arms to serve as a proxy for leverage in multi-joint tasks can be expected based
on fundamental biomechanical principles. Net joint moments are influenced by more than
just external moment arms, as there are several forces and moments that also contribute.
For example, in Figure 6.2 the equation to calculate the net joint moment about the z axis

of a generic segment relative to its centre of mass is:

Z M, = l,a,

= rprox xRprox x + rprox prrox y + Taist deist x + Taist deist y

+ Mproxz + Mdistz

Where M; is the moment about the z axis, Izis the moment of inertia about the z
axis, az is the angular acceleration in the z axis, r is the joint-to-reaction force moment
arm with respect to the segment centre of mass, Rx and Ry are the reaction forces in the
x and y axes, and subscripts prox and dist refer to the proximal and distal end-points of

the segment. Figure 6.2 and the above equation highlights the impact of features such as
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mass-inertial properties and the between segment coupling of forces and moments to
highlight the limitations to making inferences solely on the external moment arms.
Theoretically, the resultant forces exerted at the end-effector should be the sum of all the
net joint moments across the linkage and due to the multiple factors involved, these
resultant forces at the end-effector cannot be deduced from the external moment arms
alone. Apart from one study showing that the joint-to-external force moment arm of the
shoulder was correlated to the hand force in seated upper arm maximal isometric exertion
tasks (La Delfa & Potvin, 2016), no known study has evidenced a relationship between
the external moment arms and end-effector force production in multi-joint tasks. It is
possible that the external moment arm may indicate the effects of posture on force in
certain simplified contexts such as this seated upper extremity task, where the effects of
mass-inertial properties may be trivial. However, in more complex multi-joint tasks such
as lifting an object from the ground, the mass-inertial properties of the body and the inter-
segment reaction kinetics cannot be ignored as evident from the current results and

discussion.
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Figure 6.2: Free body diagrams for the foot, shank, thigh, and pelvis segments
(subscripts F, S, T, and P respectively), depicting the ground reaction force (FGRF) as
well as the inter-segment reaction forces (Rx and Ry) and net joint reaction moments

(M) at the ankle, knee, hip, and low back (subscripts A, K, H, and LB respectively).

Similarly, the predicted joint torque capacities were not able to explain the
individually varying effects of posture on isometric force exertion. Several nuances should

be considered with respect to this. One consideration is whether the joint angle torque
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relationship can be generalized across individuals. Differences between sex were
considered in the joint-angle-torque relationship by using sex specific model coefficients
to predict joint torque capacity. However, individual differences that cannot be explained
by sex may need to be considered as individuals can vary in the relative strength between
joints (e.g. knee relative to back strength; Li & Zhang, 2009), and in the joint angle-torque
relationship due to adaptations from previous training or activities (Alegre et al., 2014;
Brughelli et al., 2010; Herzog et al., 1991; Noorkdiv et al., 2014; Savelberg & Meijer,
2003). Thus, improving the prediction of joint torque capacity to encompass individual
differences may advance the ability to assess the effects of posture on the ability to exert
force on an individual basis. Additionally, torque-generating capacity was predicted from
single joint dynamometer testing data which facilitates control of posture and velocity
when modelling the joint angle-velocity-torque relationship. This prediction based on
single joint strength testing datasets also do not account for adjacent joint interactions
such as how the joint angle-torque relationship can vary with postural (Kellis & Blazevich,
2022) or muscular coordination (McGill, McDermott, et al., 2009) changes at adjacent
joints. An alternative method to model joint posture dependent strength has been through
modelling the relationship between posture, anthropometrics, and the peak net joint
moments during isometric multi-joint strength test such as lifting, pulling and pushing
(Chaffin, 1997). This alternative approach has shown to be effective at predicting
population strength values (i.e. mean group strength), but it remains uncertain if it is

effective at capturing the effects of posture on strength on an individual basis.

In contrast to the variables derived solely from kinematic measurements, the net

joint moments calculated using inverse dynamics and a 3D rigid linked segment model
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was able to explain a high proportion (approximately 80%) of the variation in the effects
of posture on isometric lifting strength. Although this does not solely encompass
individually varying effects of posture on the ability to exert force, it suggests promise for
using variables derived from both kinematic and kinetic variables as this facilitates an
analysis that encompasses body segment mass-inertial properties and the complex
mechanical energy transfers within and between segments. The net joint moment of
multiple joints can also be relatively easier to consolidate into a single variable or score
compared to the external moment arms, as the sum of the net joint reaction moment
across multiple joints has shown to be associated with external work and power
performed by the body (Flanagan & Salem, 2005). Although the magnitude of the net joint
reaction moment may covary with the end-effector force exerted, the distribution can differ
within an individual, across task conditions (Flanagan & Salem, 2008). As opposed to
using variables solely derived from kinematic data, it may be of benefit to further develop
techniques to use the net joint moment to assess the individually varying effects of posture
on isometric strength to create approaches that can assess the effect of movement on
physical performance on an individual basis. Doing so can enhance the ability to modify
movement to preserve musculoskeletal health while enhancing physical performance as
a single movement profile cannot be generalized to maximize each of these objectives
across all individuals due to the variation in the effects of posture on the ability to
maximally exert force (Study 1, Chapter 4). It is possible that other biomechanical or non-
biomechanical factors may also need to be considered. For instance, the balance control
demands have previously been suggested to also contribute to influencing the potential

to exert force (Fischer et al., 2013; Kerk et al., 1994). Further investigation will reveal the
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extent to which an individual’s movement profile can be indicative of their ability to exert

force.

This work is limited in that it did not thoroughly identify how the biomechanical
variables investigated can best be used to assess the individually varying effects of
posture on the ability to exert force. It only assessed whether the variables investigated
encompassed relevant information to explain the individually varying effects of posture
on the ability to exert force. Since the experimental postural conditions primarily modified
lower limb and low back posture and were assumed to do so symmetrically, the
biomechanical variables investigated were only quantified for the right ankle, right knee,
right hip, and low back. Although this assumption limited the analysis from capturing all
the effects of postural changes across the body that may have been of consequence to
the exerted lifting force, the assumption made may be appropriate as the net joint reaction
moment of the assessed joints were able to explain a high proportion of the variance in
the effects of posture on isometric lifting strength. Given the scarcity of research, the
current work informs the development of strategies to assess how movement can
influence the ability to exert force in multi-joint tasks. Since postural conditions were
experimentally imposed, it is difficult to expect that every participant would be equally
proficient to produce maximal force in each condition, on every trial, while maintaining the
target posture (Farrow & Robertson, 2017; Pinto & Dickerson, 2021). Using isometric as
opposed to dynamic exertions were selected to facilitate the maintenance of targeted
postures while exerting maximal effort. However, some participants lost joint posture as
they exerted maximal force (Study 1, Chapter 4). Not every trial collected (3 trials per

condition) may represent the maximal force exertion capability for each postural condition
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due to potential learning and adaptation that may have occurred within each
experimentally imposed postural condition and may contribute to some of the unexplained
variation in the statistical models investigated. Additional practice and trials may have
facilitated a better representation of posture’s effect on the ability to maximally exert force.
Yet, this would be at the cost of fatigue. This supports a need to investigate the
consistency of multiple maximal isometric lifting trials and the extent that learning and

fatigue could have influenced these measurements.

6.5 Conclusion

Joint external moment arms and predicted joint torque capacities did not explain the
individually varying effects of posture on the ability to exert force. In contrast, variables
derived from both kinematic and kinetic measurements such as the net joint reaction
moments, calculated using a rigid linked segment model, appear to demonstrate promise
in capturing the individually varying effects of posture on isometric lifting strength. Future
work should determine how to use the net joint reaction moment to assess the effects of
movement on physical performance and subsequently modify movement to enhance

physical performance.
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Chapter 7 : Impact of Individual Responses to
Postural Directives on Isometric Lifting Strength

7.1 Introduction

Although reducing the demands of an occupational task (e.g. weight lifted) can reduce
the forces imposed on the musculoskeletal system (Gooyers et al., 2018), personal
patterns of movement coordination and control can counteract modifications of task
demand (Faber et al., 2007; McGill, 2009). Specifically, movement behaviour regulates
the relationship between external task demands and applied tissue loads while also
influencing tissue load tolerance and pain perception (Cholewicki et al., 2019; Marras et
al., 2016; McGill, 2009; Nelson & Hughes, 2009). For example, low back flexion migrates
the distribution of internal forces from active to passive tissues (Potvin, McGill, et al.,
1991; Zwambag & Brown, 2020), which have reduced capacity and require longer
durations for recovery and adaptation (Buckwalter & Grodzinsky, 1999; Kannus et al.,
2007; Vila Pouca et al., 2021). Low back flexion reduces the tolerance of spine tissues to
loading (Callaghan & McGill, 2001; Gallagher et al., 2005; Gunning et al., 2001; Howarth
& Callaghan, 2012; Solomonow, 2012) while diminishing the ability of the back extensor
muscles to counteract potentially injurious anterior shear forces (McGill et al., 2000; Pinto
et al., 2021). Repetitive and sustained low back flexion also imposes residual effects
through viscoelastic changes that disrupt sensorimotor function (Abboud et al., 2018;
Pinto et al., 2021; Sanchez-Zuriaga et al., 2010; Solomonow, 2012) and pain perception

(Viggiani & Callaghan, 2021, 2022), which can potentially contribute to LBD. Thus,
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modifying movement behaviour by targeting features such as low back flexion may

enhance efforts to reduce biomechanical loading and LBD.

It is vital that modifying movement behaviour to manage biomechanical loading
does not negatively impact physical performance, as this may limit acceptability,
sustainability, and effectiveness of the modifications. For instance, manual materials
handling training has previously targeted lifting with a squat technique to maintain a
vertical trunk inclination (Denis et al., 2020; van Dieén et al., 1999). Apart from the
guestionable impact on reducing biomechanical loading (van Dieén et al., 1999), adopting
a squat lifting technique can decrease strength (Kumar & Garand, 1992), increase energy
expenditure (Garg & Herrin, 1979; Kumar, 1984; Welbergen et al., 1991), be perceived
to be more exerting (Straker & Duncan, 2000) and reduce the ability to balance (Chow et
al., 2005; Heiss et al., 2002). These effects of posture on physical performance can hinder
task performance and have been proposed as plausible explanations for the poor
adherence to and ineffectiveness of lifting technique training (Denis et al., 2020). Thus,
strategies to assess and modify movement to manage biomechanical loading should also

consider the concurrent effects on physical performance.

As opposed to targeting a general lifting technique that imposes a single vaguely
defined whole-body postural profile that might not be suitable for every context or
situation, targeting a specific movement feature such as low back posture in multi-joint
tasks may offer more opportunity for self-organization and movement optimization. That
is, performers would be afforded greater flexibility to configure their body linkage in ways
that enable them to satisfy task objectives if fewer instructional constraints are imposed.

Prior research employing this “key feature” approach has demonstrated promise as a way
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to modify low back biomechanical tissue loading and tolerance while affording opportunity
to self-organize the rest of the linkage (Beach et al., 2018; Becker et al., 2022; Chan et
al., 2022; Frost et al., 2015; Gratters et al., 2023; Larson & Brown, 2023; Pinto et al.,
2018). However, there is evidence that limiting low back flexion during maximal effort
isometric lifting exertions acutely reduces ability to generate end-effector force in some
individuals (Study 1, Chapter 4), which may initiate and accelerate fatigue-related
processes in those affected. Within the context of low demand tasks, cueing specific
movement features using simple directives, without explicitly coaching individuals to
accommodate immediate effects of cueing on physical performance potential, should thus
be questioned. If the task demands do not necessitate prioritizing acute physical
performance, it cannot be assumed that individuals will self-organize in a manner that
maintains their potential to physically perform. To our knowledge, no study has explicitly
assessed how physical performance is impacted by cueing low back posture during sub-

maximal tasks such as those typically performed during work or daily activities.

The objective of this study was to observe how an instruction to avoid rounding the
low back during light mass lifting immediately impacts isometric lifting strength of the
adopted posture. Participants lifted a crate without (baseline) and with the instruction to
avoid rounding the low back. Posture at the initiation of a crate lift for each condition
(baseline and instruction) was replicated to perform maximal isometric lifting exertions to
determine how postural responses impacted strength. Given results of Study 1, it was
hypothesized that not every individual would respond to the simple verbal instruction

during light mass lifting in a manner that maintains strength.
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7.2 Methods

7.2.1 Experimental Procedures

A schematic overview of the experimental procedures for this study is provided in Figure
7.1. Maximal isometric lifting exertions were performed to estimate lifting strength. A
minimum of 3 warm-up isometric lifting trials were performed where participants were
instructed to exert 30, 50 and 80 % of what they perceived to be their maximal effort. This
was followed by 3 maximal isometric lifting trials in a self-selected posture. The unit vector
between the kinematic markers on the handle and force transducer was multiplied by the
force recorded by the force transducer to find the vertical component of the exerted lifting
force. A crate was loaded with weight approximating 10% of the maximum vertical force

exerted across these 3 trials in the self-selected body posture, for subsequent trials.

3 isometric lifting trials in self 10 Baseline crate lifting
selected posture to determine trials

10% of maximal strength ‘
3 Crate lifting trials with instruction 2 Maximal isometric lifting exertions
to “avoid rounding your low back” replication baseline crate lifting posture

]

2 Maximal isometric lifting exertions 3 Maximum forward bending

replicating modified crate lifting posture — trials to obtain maximal spine

in response to instruction flexion

Figure 7.1: Experimental procedure flowchart.
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The loaded crate was placed on a platform so it could lay flat over the metal bar
on the ground where the lifting handle was secured (Figure 7.2). The crate was lifted for
10 separate baseline trials where the only instruction was “to lift naturally and as you
regularly would in everyday life”. For each crate lifting trial, participants started from
standing, reached and lifted the crate from the platform to a standing position, lowered
the crate, and finally returned to the standing position without the crate. The crate was
positioned in the same location on the platform before every trial to facilitate consistency
in experimental environment and replication of lifting posture for the maximal isometric

lifting trials.

Two maximal isometric lifting exertion trials were performed in a posture replicating
the instant that the participant initiated lifting the crate from the platform. To accomplish
this, a picture of the sagittal plane of the participant at the approximate instant they lifted
the create up from the platform was captured on the 10" baseline crate lifting trial (Figure
7.2A). Participants were instructed to maintain their foot position until the 2 isometric trials
were completed. The attachment point of the isometric lifting handle on the metal bar that
secured it to the ground, was moved to align with the centre of the base of the crate on
the platform. The picture of the participant initiating the lift was used to draw a silhouette
of the participant’s whole-body posture on a transparent sheet which overlay a computer
screen. The computer screen was in view of the participant and displayed real-time video
of the participant so they could match their posture to the silhouette. The range in peak
joint flexion/extension angles of the low back, hips and knees from the 8™, 9, and 10t
baseline trials together with real-time outputs of these joint angles (NDI First Principles

software Version 1.2.4, Northern Digital Inc., Waterloo, ON, Canada), were used to verify
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that participants were within range of their posture at the initiation of lifting the crate. Once
the posture was replicated and participants confirmed they were ready, a 3 second
countdown began after which participants exerted maximal isometric lifting effort. Prior to
these exertions, instruction was given to maintain setup posture during the maximal

exertion.

Figure 7.2: (A) Example of picture taken at the initiation of crate lift which was used to
replicate posture. (B) Participant exerting maximal effort during isometric lifting trial in the
replicated posture.
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Three crate lifting trials were then performed with only the instruction to “avoid
rounding your lower back”. The researcher (BLP) also briefly visually demonstrated the
difference between flexion and extension of the low back while indicating that “rounding”
referred to a flexed curvature. No other explanation, description, or coaching was given
regarding low back posture or how to lift. This was followed by 2 maximal isometric lifting
trials replicating the posture at the instant that the participant initiated lifting the crate from
the platform during the last lifting trial of the instruction condition. The procedures for

replicating this posture were identical to those used for the baseline trials.

Finally, 3 trials of standing maximum forward bending were performed. For each
trial, participants were coached on rotating their pelvis and ribcage to achieve maximum
low back flexion as they bent their chest towards their thighs. At volitional end range of
low back flexion, a 3 second trial was collected during which participants were
encouraged to flex their low back further. These trials were performed after the
experimental conditions to avoid interfering with participants’ natural response and ability

to modify low back posture.

A minimum of 2 minutes of rest were taken between maximal isometric lifting trials.

7.2.2 Data Analysis

Kinematic data were processed in Visual3D (Version 2022, HAS-Motion, Inc., Kingston,
ON, Canada) and filtered with a dual pass Butterworth low pass filter with a 10 Hz cutoff
(Kristianslund et al., 2012; Tomescu et al., 2018). Low back, hip, knee and ankle 3D joint
angles were calculated relative to relaxed standing, using a flexion/extension, lateral bend

and axial twist Cardan angle rotation sequence. These data were imported in the
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subsequent analysis performed in Python (Python Software Foundation, Wilmington, DE,

USA,; Spyder IDE, Version 5.3.0, Spyder Project Contributors).

The analysis of the crate lifts began with isolating the time period of the lifting phase
by identifying the start and end of the lifting phase (Figure 7.3). The start was marked by
the onset of bending movement from a standing position towards the crate and the end
was marked as the onset of the bending movement from standing to lower the crate.
These onsets were identified using the first derivative approach and the right hip
flexion/extension joint angle (Pinto & Callaghan, 2023). Specifically, the start was defined
as the first instant of the longest time period where the first derivative was greater than 5
times the standard deviation of 1.5 seconds of relaxed standing captured at the start of
each trial. This time instant marked a continuous increase in hip flexion as the participant
bent down to lift the crate. The detection of the lowering phase onset began from the time
point after the start of the lifting phase where the hip extended to be within 60% of the
maximum hip extension during the trial. The onset of the lowering phase (i.e. end of the
lifting phase) was marked as the first instant after this time point where the first derivative
was positive for the longest duration up to the next peak in hip flexion. The maximum low
back flexion, right hip flexion and right knee flexion achieved during the identified lifting
phase of each trial was extracted and normalized to participants’ maximum low back

flexion range-of-motion.
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Figure 7.3: Sample participant data depicting the identified lifting phase plotted using a

solid black line. The vertical solid black lines represent the start and end of the lifting
phase.

The analysis of the maximal isometric lifting exertions involved interpolating the
unit vector between the handle and force transducer to 2000 Hz to find the peak vertical

component of the force exerted on the handle.

7.2.3 Statistical Analysis

Linear mixed effects models were used for group statistical analyses for each dependent
variable (low back posture during crate lifting and isometric lifting strength) across each
condition (baseline and instruction; ImerTest package, RStudio Version RStudio
2023.03.0, The R Foundation, Vienna, Austria). The linear mixed effects models
conserved all the recorded trials (10 baseline + 3 instructions trials for each participant)
by accounting for the multilevel data structure (i.e. multiple trials per participant) to avoid

pseudo-replication. This statistical approach also allowed for inclusion of heterogeneity in
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participant responses by estimating intercepts and slopes for each participant. The model
consisted of condition (2 levels: baseline or instruction) as the fixed effect with a random
slope and a random intercept for each participant. Statistical significance was considered

if p<0.05.

The results of the linear mixed effects models showed that individuals greatly
varied in their postural and strength responses to the instruction condition (Table 7.1).
This motivated an a posteriori analysis to classify individual responses. Changes in low
back posture were first classified using the within participant trial-to-trial variation to

calculate personalized confidence interval thresholds per condition (Swinton et al., 2018):

Confidence Interval Threshold = V2 x 1.96 X SDyp

Where SDy,p is the within participant trial-to-trial standard deviation. Individuals were first
classified as those who would and would not benefit from reducing low back flexion based
on whether their baseline condition confidence interval exceeded or was below 40% of
maximum low back flexion range-of-motion, respectively. The threshold of 40% of
maximum low back flexion range-of-motion marks the range of motion within which
passive low back stiffness and tissue strain, which increases exponentially with low back
flexion, is typically minimized (Beach et al., 2005; Fewster et al., 2021; Buchman-Pearle
et al., 2023). Within each group (would and would not benefit from reducing low back
flexion), low back postural responses were classified as successful (S) or unsuccessful

(V) based on whether the instruction condition confidence interval was below or exceeded
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40% of maximum low back flexion range-of-motion respectively. The confidence intervals
were calculated from all 10 trials for the baseline condition and all 3 trials from the

instruction condition.

The changes in isometric lifting strength between conditions were classified based
on the combined trial-to-trial SDy,p across conditions. The combined variation across all
trials and both conditions were used by subtracting the mean of the two isometric lifting
exertion trials within each condition from each respective trial within each condition, to
acquire a stronger estimate of SDy,p. This centered the variation within each condition at
0 by removing the difference in magnitude between conditions but maintaining the
variation between the trials within each condition. Assuming that the trial-to-trial variation
was consistent between conditions, the SDy,, for isometric lifting strength was calculated
across all 4 mean bias removed maximum isometric lift trials. Individual changes in
maximum isometric lifting strength were classified as an increase (I), decrease (D), or no
change (S) if the difference between baseline and instruction conditions were respectively
greater, lesser or within the participant specific confidence interval. The difference
between conditions was calculated using the mean maximum isometric lift force achieved

between each of the 2 trials for each condition.

7.3 Results

The aggregate change across conditions (i.e. fixed effect estimates) indicated that low
back flexion significantly decreased (p<0.0001) and isometric lifting strength significantly
increased (p= 0.018) in the instruction condition compared to baseline. However, the
linear mixed effects model estimated a very high between participant standard deviation

(i.e. random effect standard deviation) of these estimated aggregate changes in isometric
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lifting strength across conditions. Since the magnitude of the random effect standard
deviation was larger than the fixed effect estimate, this indicates that some participants
had responses that were contrary to the aggregate group results (Table 7.1; Figure 7.4B).
Although the random effect standard deviation of low back posture changes was lower
than the fixed effect estimate, visualizing the individual responses revealed that
individuals varied in their low back postural responses as well (Figure 7.4A). Specifically,
the mean change across conditions appeared to be driven by large changes in some
individuals while others showed relatively small changes in low back flexion (Figure 7.4A).

This motivated an a posteriori analysis to classify individual responses.

Table 7.1: Linear mixed effect model results for changes in low back posture and isometric
lifting strength between the baseline and instruction condition. The intercept represents
the value at baseline whereas the estimate is the change from baseline during the
instruction condition.

Fixed Effects Random Effects
Intercept +  Estimate (B) = SD SD
SE SE Intercept Estimate
Relative low back
47.23 £2.49  -14.54 +1.97*** 15.67 12.08
flexion (%)
Isometric lifting 603.39
66.12 +26.76* 215.09 146.19
strength (N) +35.32

*p < 0.05, ** p<0.001
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Figure 7.4: Changes in low back flexion (A) and isometric lifting strength (B) across
conditions. Estimated marginal means are represented in black with the error bars
representing standard error. The estimates for each participant from the linear mixed
effects model are depicted by the coloured points and lines, where each colour represents
a participant. Significant differences between conditions are indicated by “*”.

Individual response classification of the postures adopted during lifting is depicted
in Figure 7.5. Thirty-seven participants (92.5% of total sample) were classified as
individuals who could potentially benefit from a decrease low back flexion (they exhibited
flexed lumbar spine postures during lifting). Within this group, 15 (37.5% of total sample)
successfully decreased low back flexion to be below 40% of their flexion range-of-motion
in response to the simple verbal directive whereas 22 (55% of total sample) were
unsuccessful in reducing their low back flexion below this threshold. Among those that

could benefit from decreasing low back flexion and successfully did so, reductions in low
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back flexion ranged between 1.6 and 33.5% of maximum low back flexion range-of-
motion compared to baseline (calculated as the difference between the mean of the last
3 baseline trials and the mean of the 3 instruction condition trials). Changes in low back
flexion between the last 3 baseline trials and the 3 instruction condition trials among those
unsuccessful in decreasing low back flexion ranged between an increase of 3.5% and a

decrease of 44.8% of maximum low back flexion range-of-motion (Figure 7.5).

Sample
Population
n=40
Could Benefit Would Not
from Benefit from
Decreasing LBF Decreasing LBF
n:37 n:3
Successfully | Unsuccessful Successfully
LBF in | LBF avoided LBF.
n=15 n=22 n=3
Strength Strength Strength
Responses Responses Responses
Increased: n=3 Increased: n=3 Increased: n=2
Decreased: n=2 Decreased: n=7 No Change: n=1
No Change: No Change:
n=10 n=12

Figure 7.5: Classification of low back flexion (LBF) and isometric lifting strength responses
to the directive to avoid rounding the low back.
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Within the successful and unsuccessful (S and U) groups among those that were
classified as benefiting from decreasing low back flexion, there were 3 types of responses
in isometric lifting strength: increase (I, n=6, 15% of total sample); decrease (D, n=9,
22.5% of total sample); and no change (S, n=22, 55% of total sample). The range of
increases in group | was between 106 and 449 N. The range of decreases in maximal
isometric lift force in group D was between 49.9 and 212 N. The range within group S was
between an increase of 224 N and decrease of 227 N. The ability to exert force was
impacted among both those that were classified as successful and unsuccessful in

decreasing low back flexion (Figures 7.5 and 7.6).
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Figure 7.6: Individual responses to instruction in relative low back flexion (% maximum
low back flexion range-of-motion) and isometric lifting strength among those classified as
benefiting from decreasing their low back flexion. The first letter of each group
corresponds to successful (S) and unsuccessful (U) low back postural responses. The
second letter corresponds to isometric lifting strength changes from baseline to
instruction, indicating an increase (I), decrease (D) or no change (S). Note that the
changes depicted are the mean values across the last 3 baseline trials and the 3
instruction trials.
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There were varying responses in hip and knee flexion/extension angle within each
group such that some flexed the hip more than the knee and vice versa. This supports
the hypothesis that participants utilized the greater flexibility afforded by cueing a specific
key movement feature which in this case was low back posture. Those who were
classified as benefiting from decreasing low back flexion but were classified as
unsuccessful, exhibited changes in their hip and knee posture. This indicates that they
attempted to change posture in response to the simple verbal instruction targeting the key

feature of low back posture (Figure 7.7).
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Figure 7.7: Changes in hip and knee flexion/extension angle for each response group
within the group that was classified as benefiting from decreasing low back flexion.
Positive angles indicate flexion and increases in magnitude indicate increases in flexion.
Note that the changes depicted are the mean values across the last 3 baseline trials and
the 3 instruction trials.
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Three participants were classified as not benefiting from changing their low back
posture as the confidence interval of their baseline trials were below 40% maximum low
back flexion range-of-motion. Within this group, none of the participants increased their
low back flexion such that the confidence interval crossed 40% of maximal low back
flexion range-of-motion, and none of the participants decreased strength in response to

the simple verbal instruction (Figures 7.5 and 7.8).

There appeared to be no association between participant sex and postural
response (Successful: 9 female and 6 males, Unsuccessful: 10 females and 12 males,
Would not benefit from decreasing low back flexion: 1 female and 2 males) or isometric
lifting strength response (Increase: 5 females and 7 males, Decrease: 2 females and 3

males, No Change: 13 females and 10 males).
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Figure 7.8: Individual responses to instruction in relative low back flexion (% maximum
low back flexion range-of-motion), isometric lifting strength, hip flexion/extension angle,
and knee flexion/extension angle among those classified as not benefiting from changing
low back flexion. NS corresponds to those who would not benefit from changing low back
posture but were successful in continuing to avoid low back flexion in the instruction
condition. The second letter corresponds to isometric lifting strength changes from
baseline to instruction, indicating an increase (1) or no change (S). Positive hip and knee
angles indicate flexion and increases in magnitude indicate increases in flexion. Note that
the changes depicted are the mean values across the last 3 baseline trials and the 3
instruction trials.
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7.4 Discussion

Group-level analyses revealed that participants reduced low back flexion and increased
strength after receiving the simple verbal directive to avoid rounding the low back, but
there was high heterogeneity in the impact on isometric lifting strength. Although most
participants (57.5% including those classified as not benefiting from changing their low
back flexion) appeared to maintain their physical performance potential, there were some
individuals who increased (20%) and some who decreased (22.5%) isometric lifting
strength. These responses in isometric lifting strength occurred independently from
changes in low back posture. This suggests that the provision of simple verbal instruction
may not have the intended effect across every individual, and thus personalized
interventions may be necessary to elicit the desired effect of reducing low back injury

potential without limiting performance potential.

In interpreting the results, it is critical to discuss the limitations that emerged in the
replication of crate lifting posture and execution of the maximum isometric lifting exertions.
Many participants lost the setup position that replicated their crate lifting posture when
exerting maximal force. Some of the difficulty in maintaining the setup posture could be
attributed to the challenge in exerting maximal force in a posture adopted during light
mass crate lifting that was not organized for maximal force exertion due to the low demand
of the crate lifting task. Most participants adopted a body position where the crate was a
moderate distance away from their feet. This may have potentially been due to the size
of the platform that supported the crate, the area of the force platforms that participants
stood on during the experiment, and the weight of the crate that may not have required

participants to position their body closer to the weight. Since the handle was not fixed in
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the vertical direction and could be moved, some participants would lean back with the
handle or be pulled onto their toes as they exerted maximal force due to the distance
between their body and the handle (Figure 7.2B), making the task awkward for them to
exert maximal effort. These losses in posture appeared to be primarily balance driven
rather than deviations in joint posture (e.g. change in low back curvature) which was
observed during isometric lifting exertions where the handle was closer to the body (Study
1). Some of the effects on balance and issues with replicating the posture can be
observed in Figure 7.2B. The difficulty in exerting maximal force in the replicated crate
lifting posture may have also contributed to high trial-to-trial variability in the maximal
isometric lifting trials which masked potentially practically meaningful changes in lifting
strength. Since isometric lifting force responses were classified based on the trial-to-trial
variability across all isometric trials collected, higher trial-to-trial variation required a
higher magnitude of change for any responses to be classified as an increase or
decrease. The novelty of the maximal isometric exertions may have elevated the trial-to-
trial variation which led to some strength changes up to an increase of 224 N and
decrease of 227 N being classified as no change (group S, Figure 7.5 and 7.6). However,
these immediate changes in strength may be meaningful as they exceed changes that
typically occur in deadlift 1-repetition maximum following 6 weeks of training
(approximately 70 to 190 N increases depending on training experience (Androulakis-
Korakakis et al., 2021; Colquhoun et al., 2018; Zweifel et al., 2017)). The current study
necessitated that conditions were administered in sequence which may have allowed for
better performance during the isometric exertions performed for the instruction condition

by learning and adapting with each subsequent trial. Consequently, some participants
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may have learned how to adjust and balance their body during the baseline condition so
that they were able to apply force more effectively in the instruction condition. A large
proportion (80%) of the sample participants were physically active and had previous
resistance training experience involving lifting which may have facilitated learning and
adapting to exert higher force with subsequent trials (Bohle Carbonell et al., 2014).
However, this is difficult to determine but remains questionable due to the few isometric
strength trials captured in this dataset. Further investigation is warranted to determine if
addressing the abovementioned limitations would alter the results, if different sample
populations exhibit different responses, and whether responses are maintained across

longer time periods.

Although cueing low back posture as a specific movement feature using simple
verbal instruction afforded flexibility for participants to self-organize as indicated by the
varying hip and knee postural changes within each identified group (Figure 7.7), simple
verbal instruction did not result in substantial decreases in lumbar flexion in over half
(55%) of the participants (Figure 7.5 and 7.6) despite the group-level analyses indicating
otherwise (Figure 7.4). However, it is important to consider the nuances in the method
used to classify postural responses as successful and unsuccessful. The threshold used
was based on previous evidence showing that passive low back bending stiffness, which
can indicate strain on passive tissues (e.g. posterior spinal ligaments), is expected to be
minimized below 40% of maximum low back flexion range-of-motion (Beach et al., 2005;
Fewster et al., 2021; Buchman-Pearle et al., 2023). The same evidence suggests that
passive stiffness exponentially increases with low back flexion such that passive tissue

strain is highest beyond 80% of maximum low back flexion range-of-motion (Beach et al.,
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2005; Fewster et al., 2021; Buchman-Pearle et al., 2023). In the current study, all
participants exhibited less than 75% of maximum low back flexion after instruction, which
due to the exponential relationship (McGill et al., 1994), should have had a meaningful
effect on passive tissue strain. Yet, some of these participants were still classified as
unsuccessful as the variability they exhibited during the 3 crate lifting trials in the
instruction condition exceeded 40% of maximum low back flexion which marked the
threshold below which passive tissue strain is expected to be minimized. It is possible
that more participants would have been classified as successful with more time and
practice. Additionally, it should be noted that the low and high passive stiffness thresholds
mentioned in this discussion (40 and 80% of maximum low back flexion range-of-motion)
can vary between individuals. Thus, the statistical thresholds used to categorize
responses do not encompass all biologically meaningful changes. It may be beneficial to

improve on the current individual response focused approach to better classify changes.

Keeping in mind the abovementioned methodological considerations, the current
results highlight that using simple directives that target specific “key” movement features
to control biomechanical loading can influence posture without hindering physical
performance potential in most individuals. However, it is not guaranteed that every
individual will naturally respond in a manner that maintains their physical performance
potential. Strength changes were apparently independent of whether an individual was
considered as successful or unsuccessful at reducing low back flexion. Due to the
independence between these two outcomes, the results suggest that it is necessary to
assess both an individual’s ability to achieve the targeted postural cue and their ability to

do so without decreasing their physical performance potential.
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Since participants utilized the afforded flexibility but not all participants did so to
effectively modify low back posture as instructed, movement-based interventions may be
enhanced by providing more than simple verbal directives. As opposed to simple verbal
instruction, targeting key movement features using individualized movement coaching
and training may provide improved efficacy in influencing movement behaviour to
potentially encompass all individuals. Postural coaching and feedback has the potential
to be more effective than didactic training alone (Chan et al., 2022; Kamachi et al., 2021),
but responses may vary based on the type of feedback and its implementation as some
type of feedback may theoretically be more successful than others (Pinto et al., 2018).
Prior research has demonstrated that coaching postural features during physical exercise
can positively transfer to unrehearsed non-exercise tasks (Frost et al., 2015). However,
providing postural feedback and movement coaching during exercise can also result in
individually varying responses (Frost et al., 2015; Pinto et al., 2018), requiring knowledge
and strategies to assess, coach, and train on an individual basis. Personalized coaching
and training strategies may equip individuals with the competencies and capacities to
coordinate and control their movements in ways that attenuate biomechanical loading
while simultaneously satisfying task objectives without hindering physical performance.
This aligns with recent rationale to equip workers with the capabilities, opportunities, and
motivations to self-monitor and -regulate their movement rather than promoting one-size-
fits-all directives for safe movement such as the squat lift technique (Denis et al., 2020).
The results from the current study highlight that these personalized assessment and

coaching strategies should encompass both biomechanical loading and physical
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performance potential as changes in isometric lifting strength were independent from

changes in low back posture.

7.5 Conclusion:

Using simple verbal instruction targeting specific movement features to regulate
biomechanical loading can influence posture without hindering performance potential in
most individuals. However, some individuals can respond in a manner that decreases
performance potential and may require more detailed movement coaching and training to

modify movement behaviour without hindering physical performance potential.
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Chapter 8 : General Discussion

8.1 Thesis Contributions

The global aim of this thesis was to investigate how posture and trunk muscle coordination
can influence the ability to exert force during lifting. Study 1 of this thesis demonstrated
that modifying posture can impact isometric lifting strength, but the effect magnitude and
direction (increase or decrease) varied greatly across individuals (Chapter 4). Study 2
demonstrated that cueing trunk muscle coordination can influence the ability to exert
maximal isometric lifting force. Results indicated that trunk muscle coordination should
not be cued if physical performance is the immediate priority. Although the results did not
clearly elucidate how trunk muscle coordination can influence the ability to exert end-
effector force, the results informed the design of future research to further investigate the
effects of trunk muscle coordination on the ability to exert force in multi-joint tasks
(Chapter 5). In the interest of identifying quantification approaches that could be used to
capture and estimate the individually varying effects of posture on strength, Study 3
sought to compare kinematic-based proxies for leverage that were used in prior research
but not verified to capture leverage in multi-joint tasks (Chapter 6). The results
demonstrated that the investigated kinematic-based proxies for leverage are not best
suited for assessing the individual effects of posture on the ability to exert isometric force
in multi-joint tasks. Study 4 indicated that most individuals maintain their physical
performance potential when given postural cues during low external demand tasks that
do not acutely require high levels of physical exertion. However, some individuals may

not self-organize their posture in a manner that preserves the ability to exert force in
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response to simple verbal directives targeting low back posture. These individuals may

require specific movement coaching and training.

8.1.1 Specific Research Contributions

Studyl: The Effects of Trunk Inclination and Low Back Curvature on Lifting Strength.

In Chapter 4, the effects of trunk inclination and low back curvature on the ability to exert
maximal force were dissociated by experimentally and statistically controlling for trunk
inclination and low back curvature. Participants performed 4 controlled postural conditions
that included 2 trunk inclinations (vertical and horizontal) and 2 low back curvatures
(neutral and flexed). The hypothesis that modifying trunk inclination would affect more
joints and muscles to have a greater impact on isometric lifting strength compared to low
back curvature was rejected as each of these postural characteristics showed a potential
to affect maximal isometric lifting force to a similar extent. However, the results confirmed
the hypothesis that the effects of trunk inclination and low back curvature on isometric
lifting strength depend on one another. Specifically, the effects of modifying posture on
strength in multi-joint tasks can vary greatly across individuals in magnitude as well as
direction (increase/decrease in force exerted). Findings also suggest that strength in
multi-joint tasks cannot be inferred solely from observing posture and that a single posture
cannot be generalized as being the strongest for every individual. These results question
previous conclusions drawn from aggregate group analyses that promote flexing the low
back to increase lifting strength (Mawston et al., 2021). Additionally, the results contrast
the notion that there is always a trade-off between physical performance and
biomechanical demand as it is not necessary that these two objectives are always in
opposition. The heterogeneity in results suggest that the relationship between posture’s
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effects on biomechanical demand and physical performance may be modifiable through
training, such that individuals can adapt to being stronger in postures that are also
favourable for tissue loading and tolerance. In fact, the preliminary analysis on L4/L5 joint
contact and compression shear forces indicate that this should be the target for training
as the cost of flexing the low back on joint loading and tolerance is much higher than

potential gains in acute physical performance potential.

Study 2: The Effects of Cueing Trunk Muscle Coordination on Isometric Lifting Strength.

In Chapter 5, the effects of cueing trunk muscle coordination using simple verbal
directives and detailed coaching that included verbal and physical cueing were
investigated. The simple verbal directive was “activate your core” which is a common
directive in applied settings and akin to the simple directives described to cue trunk
muscle coordination in previous research. The coached condition included both verbal
and physical cues which have been promoted in applied settings but not yet been
thoroughly investigated. Result confirmed the hypothesis that detailed coaching would be
more effective than simple directives at creating muscular coordination that stiffens the
spine to reduce low back postural displacement. However, the immediate response to
both simple directives and detailed coaching reduced isometric lifting strength. The
guantitative results coupled with the qualitative participant experiences that were
recorded, suggest that a detailed coaching approach can be more effective and
consistent at modifying trunk muscle coordination to increase spine stiffness. The
gualitative results also helped identify that investigating the immediate effects of

modifying trunk muscle coordination may mask the full potential of the effects on posture
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and strength due to the imposed cognitive demand. Given that many studies have only
observed the immediate effects of modifying trunk muscle coordination to investigate its
impact on biomechanics and physical performance (Brown et al., 2006; Coenen et al.,
2017; Kavcic et al., 2004; Liebenson et al., 2009; Norrie & Brown, 2020; Reeves et al.,
2006; Stanton & Kawchuk, 2008; Vera-Garcia et al., 2006, 2007), this is an important
finding that informs the interpretation of previous evidence and suggests longer-term
study designs for further investigation. Longer-term study designs would elucidate how
cueing trunk muscle coordination may influence motor execution and performance
without the confounding effects of cognitive demand and attentional focus that would be

reduced with practice and learning.

Study 3: Explaining the Individually Varying Effects of Posture on Isometric Lifting

Strength.

Motivated by the results from Study 1 (Chapter 4), Study 3 presented in Chapter 6 aimed
to evaluate the extent to which proxies for leverages derived from kinematic data could
explain the individually varying effects of posture on the ability to exert force. These
kinematic-based proxies included the joint external moment arms and predicted joint-
angle-dependent torque-generating capacities, which have been previously used in
research to describe the effects of posture on the ability to exert force in multi-joint tasks.
However, these kinematic quantities have not been thoroughly verified to capture the
individual variability in the ability to exert force in multi-joint tasks. Understanding the
extent to which such quantities could capture and explain individual variability in the

effects of posture on the potential to exert force, could facilitate the development of a

140



guantitative approaches to assess the effects of posture on physical performance without
needing direct measurements of physical performance. Additionally, if these kinematic
guantities could reasonably describe leverage, they could be coupled with postural
assessments of biomechanical demand to make inferences in practical settings. As
hypothesized, the external moment arms and predicted torque capacity which are derived
from kinematic quantities, were not able to explain the variation in the effects of posture
on isometric lifting strength on an individual basis. In contrast and as expected based on
fundamental biomechanical principles, the net joint reaction moment explained a high
proportion of the total variation in the effects of posture on isometric lifting strength without
needing to independently account for any individual differences in the effect of the net
joint reaction moments on isometric lifting strength. Thus, both kinematic and kinetic
measurements may be required to assess the effects of movement on physical

performance and subsequently modify movement to enhance physical performance.

Study 4: Impact of Individual Responses to Postural Directives on Isometric Lifting

Strength.

In chapter 7, the extent to which instruction to avoid rounding the low back (i.e. lumbar
spine flexion) during light mass lifting could immediately impact isometric lifting strength
was investigated. The natural postural responses to the verbal low back postural directive
during low mass lifting were replicated during maximal isometric lifting exertions, to
determine the impact of simple verbal directives can have on physical performance
potential in a low external demand task. Although aggregate changes indicated that

instruction decreased low back flexion and increased isometric lifting strength, there was
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high heterogeneity which again motivated examining individual responses. Thirty-seven
participants exceeded 40% of their low back flexion range-of-motion during the baseline
condition and were classified as potentially benefiting from reducing their low back flexion.
Among this group, 15 and 22 participants were respectively classified as successful and
unsuccessful in decreasing low back flexion below the threshold of 40% of flexion range-
of-motion which marked the range-of-motion within which passive low back stiffness and
tissue strain, which increases exponentially with low back flexion, is typically minimized.
Though replicating the crate lifting posture to assess isometric strength emerged to be
challenging, there were individuals who increased (n=6), decreased (n=9) and did not
change (n=22) isometric lifting strength, independent of their low back postural response.
While most individuals appear to maintain physical performance potential when given
simple verbal directives targeting specific movement features to regulate biomechanical
demand, it is not guaranteed that every individual will do so. This suggests that the
provision of simple verbal instruction may not have the intended effect across every
individual, and thus personalized interventions may be necessary to elicit the desired

effect of reducing low back injury potential without limiting performance potential.

8.2 Thesis Limitations

The following section includes limitations to the thesis beyond what has been already

discussed in the chapters describing each of the 4 studies performed.

8.2.1 Single Data Collection

A limitation of this thesis is that the data used to answer the research questions were

collected within a single session. At a global level, this limited the flexibility to design and
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modify research objectives based on the initial findings from Study 1 and Study 2.
Although the analyses of the data attempted to account for the effects of fatigue where
possible, results may have been influenced by the duration of the data collection session
which lasted between 4.5 to 6 hours. The procedures also demanded multiple high effort
exertions, and it is unclear to what extent the results were influenced by the number of
maximal efforts performed. Previous studies have investigated 56 (Kumar & Garand,
1992) and 90 (Chen et al., 2011) maximum isometric lifting exertions and 8 (Beckham et
al., 2018), 12 (Guppy et al., 2019), and 18 (Comfort et al., 2015) maximal isometric mid-
thigh pulls within a single data collection session, but did not report observing fatigue.
Participants were frequently asked about their fatigue and although some reported being
slightly fatigued compared to the start of the data collection, none felt like it influenced
their strength within each experimental block. It would have been beneficial to track
fatigue throughout the data collection or to perform an experiment to determine the
consistency of multiple maximal isometric lifting exertions. Baseline trials were collected
for each experimental block/study. Thus, comparisons were made to baseline and

physical states relatively close in time to one another.

It would also be of interest to understand the necessity for familiarization with the
isometric exertion as it may have been a novel task for many. Participants were provided
a warmup that included isometric exertions at submaximal efforts, but it is unclear if and

how much practice might modify the current results.

8.2.2 Isometric Lifting Exertions

The studies in this thesis focused on isometric exertions in a position emulating initiation
of a lift from the ground. Isometrics were selected to facilitate more controlled modification
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of posture and muscle coordination while reducing the accumulation of fatigue. It was
expected that using dynamic efforts would make it difficult to maintain desired postures
and muscle coordination which could have obscured the true effect of changing an
individual's movement on physical performance. For instance, previous practice as well
as the physical and cognitive demands imposed by maintaining the targeted posture or
muscle activity during maximal dynamic exertions could have resulted in an individual not
maintaining the desired movement profile or executing the movement with compensations
(Farrow & Robertson, 2017; Pinto & Dickerson, 2021). This would not have reflected how
the change would actually influence physical performance without providing sufficient
time and practice to become equally proficient with each postural or muscle coordination
condition. Additionally, becoming equally proficient may not be possible. Interestingly,
some of these issues were still experienced with the isometric strength test. Participants
lost the targeted joint posture during the isometric exertions in Study 1 (Chapter 4) and
many participants noted it was difficult to maintain the cued muscle coordination while
performing maximal efforts in Study 2 (Chapter 5). Although the isometric exertions
allowed for crate lifting posture to be replicated to test strength of individual postural
responses in Study 4 (Chapter 7), the replicated posture was challenging to maintain and
appeared to affect how participants positioned the system centre of mass relative to its

base of support during the exertion.

The implications of changes in isometric strength on dynamic activities would
require consideration of other biomechanical factors such as mechanical work. For
example, selecting a position that maximizes an individual’s isometric lifting strength may

not necessarily impact dynamic strength. Isometric strength testing may only capture a
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subset of factors that contribute to dynamic strength (James et al., 2024). However, there
is evidence that suggests isometric lifting strength tests are generally associated with
dynamic physical performance in multiple tasks (Lum et al., 2020). Future work should
aim to distinguish between biomechanical features captured by isometric testing and how
they may impact dynamic physical performance to facilitate inferences from isometric

testing.

8.3 Global Thesis Conclusion

Given the scarcity of knowledge about how posture and trunk muscle coordination can
influence the ability to exert force in multi-joint tasks such as lifting from the ground, this
thesis has made several novel contributions. Results demonstrate that modifying posture
and trunk muscle coordination have a substantial potential to influence the ability to exert
force in multi-joint tasks and thus the effect on physical performance cannot be ignored
during movement assessments and interventions that target reductions in biomechanical
demand. The findings from this thesis also inform practices to enhance physical
performance and development in conjunction with limiting unnecessary biomechanical
demands that could increase risk of LBD. In contrast to modifying posture and trunk
muscle coordination to influence biomechanical demand and contrary to previous notions,
the effects of modifying movement features such as posture and trunk muscle
coordination on the ability to exert force at the end-effector are more complex than initially
hypothesized based on previous evidence. Specifically, the effect of posture on the ability
to exert isometric force in multi-joint tasks can vary greatly across individuals and cannot
be inferred from observing posture or proxies for leverage derived solely from kinematic

data as indicated by Studies 1 and 3 (Chapters 4 and 6). Contrary to previous notions
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that peak force exertion at the end-effector during lifting requires adopting low back flexion
which imposes a higher risk of developing LBD (Mawston et al., 2021), it is not necessary
that maximizing the ability to exert lifting force requires adopting flexed low back postures.
This is because a single postural profile cannot be universally accepted as the strongest
for every individual during multi-joint tasks, as indicated from the results of Study 1
(Chapter 4) that showed that flexing the lower back can increase, decrease or not change
lifting force exerted at the end-effector across individuals. However, results from Study 1
(Chapter 4) also indicated that the effect of low back flexion on the ability to exert lifting
force varies with trunk inclination which resulted in the identification of 7 different
response groups. As opposed to the paradox that peak physical performance requires
postures that impose higher than necessary biomechanical demands, the individual
variability in the effect of posture on the ability to exert force suggests that individuals can
potentially adapt with training to be stronger in postures that favour reduced tissue loading
and increased joint failure tolerance. Study 1 (Chapter 4) also demonstrated the cost of
adopting a flexed low back posture which imposes higher lumbar spine joint compression
and shear forces, outweighs the benefits that may potentially be acutely gained in the
ability to exert isometric lifting force. Together this evidence supports that low back
posture should be assessed especially during high demand physical activities and that
movement interventions should target attenuation of high magnitudes of low back flexion

during high demand physical activities.

This thesis demonstrated that interventions to modify low back postural behaviour
may require more than simple verbal directives as indicated by the results from Study 4

(Chapter 7) which suggests that most individuals may need additional movement
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coaching and training to reduce their low back flexion within a range that minimizes
passive tissue strain and potential injury risk (within 40% of their maximum flexion range-
of-motion). Specifically, 22 of the 37 participants that exhibited more than 40% of their
maximum low back flexion during baseline condition crate lifting, were not able to reduce
their low back flexion below 40% of their maximum flexion range-of-motion with a simple
verbal directive to “avoid rounding your low back”. Study 4 (Chapter 7) also provided new
evidence that specifically cueing low back posture as a “key feature” (i.e. in a manner that
affords flexibility to organize the posture of the rest of the body linkage) during a task with
low external demands, does not negatively affect physical performance potential for most
individuals. This was indicated by the maintenance of isometric lifting strength of the
postures exhibited during light mass crate lifting at baseline and in response to the
directive. However, Study 4 (Chapter 7) also showed that some individuals do not
maintain their physical performance potential even when afforded the flexibility to self-
organize the posture of the rest of their body while attempting to reduce low back flexion,
as they adopted postures that decreased isometric lifting strength. For these individuals
especially, it becomes necessary to develop strategies to assess and modify movement
to enhance physical performance potential. Yet, this requires the development of methods

that are sensitive to individual differences.

Although kinematic-based proxies for leverage such as the joint-to-external force
moment arms and predictions of joint torque-generating capacity based on normative
data, may be accessible and easier to conceptualize in applied settings, Study 3 (Chapter
6) showed that they do not capture the effects of posture on the ability to exert isometric

force in a multi-joint task on an individual basis. Instead, results from Study 3 (Chapter 6)
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suggest that quantitative movement assessment of an individual’'s leverage may best be
described by variables derived from both kinematic and kinetic quantities such as the net
joint reaction moments calculated using a rigid linked segment model. This informs the
development of quantitative methods to assess leverage in multi-joint tasks which will
enable an assessment of physical performance potential alongside biomechanical
demand to enable improved and more comprehensive assessments and interventions

that consider both biomechanical demand and physical performance.

With regards to trunk muscle coordination, Study 2 (Chapter 5) demonstrated that
attempting to acutely modify trunk muscle coordination immediately interferes with the
ability to exhibit maximal isometric force at the end-effector. This thesis was the first to
identify the differences between using simple verbal directives and detailed coaching in
modifying trunk muscle coordination. Study 2 (Chapter 5) demonstrated that the detailed
coaching approach was more effective than simple verbal directive to “activate your core”
in increasing muscle co-contraction and maintaining low back posture during maximal
isometric lifting exertions. An important contribution from Study 2 (Chapter 5) is that
immediate responses to cueing trunk muscle coordination are insufficient in capturing the
full potential of the effects of modifying trunk muscle coordination on physical
performance. This is a key contribution as a majority of previous research has focused
on immediate responses and short-term adaptations to modifying trunk muscle
coordination using simple verbal directives which may mask the full potential of any
possible effects on physical performance. Future work would need to design experiments
to provide time to learn and practice new trunk muscle coordination patterns to completely

evaluate the effects of muscle coordination on the ability to exert force at the end effector.
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The findings from this thesis inform movement coaching across multiple domains.
The varying effects of low back curvature on isometric lifting strength suggests that low
back flexion beyond a range that can be considered neutral, is not required to maximize
strength in multi-joint tasks. The varying effects also suggest that individuals may adapt
in response to training to be stronger in more neutral low back curvatures to reduce the
risk of developing LBD. In fact, the corresponding estimated cost in biomechanical
demand suggests that high magnitudes of low back flexion should be avoided during high
demand activities such as resistance exercise for work, sport and health. Movement
coaching during exercise or ergonomics should target low back curvature as a key
postural feature instead of targeting vaguely defined whole body postural techniques (e.g.
stoop and squat lift or sumo and conventional deadlift) to influence low back
biomechanical demand. This focus on lumbar curvature is important as the increase in
biomechanical demand with low back flexion is much higher compared to modifying the
rest of the body linkage to alter trunk inclination. Additionally, targeting low back curvature
as a key feature has the potential to allow individuals to self-organize their movement
without hindering physical performance compared to providing strict instructional
constraints on whole body posture which can hinder performance and not be suitable for
every context or task. However, the results also highlight that solely providing simple
verbal directives are insufficient in modifying movement features such as posture or trunk
muscle coordination, suggesting the need to develop more effective coaching strategies.
Movement coaches and researchers should attend to whether the cues used are effective
in eliciting the desired outcome. The effects of posture on the ability to exert force that

were observed in this thesis also inform physical capacity testing for work, sport and
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health. Strength tests may not always indicate physical performance potential of tasks
that require very different postures and posture is important to consider when interpreting
tests. Although kinematic measurements are more accessible and easier to observe and
interpret, inferences about the ability to exert force on an individual basis should not be
made by solely observing posture or using simple kinematic based proxies such as the

joint-to-external force horizontal distances.

Overall, this thesis uncovered the complexity in the effects of posture and trunk
muscle activity on the ability to exert force at the end-effector during an exemplary multi-
joint task. The complexity observed motivates and informs further investigation to develop
improved strategies assess and enhance physical performance while regulating

biomechanical demand.

150



References

Abbott, E., Campbell, A., Wise, E., Tidman, S. J., Lay, B. S., & Kent, P. (2022).
Physiotherapists could detect changes of 12 degrees or more in single-plane movement
when observing forward bending, squat or hand-over-head: A cross-sectional
experiment. Musculoskeletal Science and Practice, 61, 102594.
https://doi.org/10.1016/j.msksp.2022.102594

Abboud, J., Rousseau, B., & Descarreaux, M. (2018). Trunk proprioception adaptations
to creep deformation. European Journal of Applied Physiology, 118(1), 133-142.
https://doi.org/10.1007/s00421-017-3754-2

Abdel-Malek, K., Arora, J., Bhatt, R., Farrell, K., Murphy, C., & Kregel, K. (2019). Santos:
An integrated human modeling and simulation platform. In DHM and Posturography (pp.
63—77). Elsevier. https://doi.org/10.1016/B978-0-12-816713-7.00006-4

Abdoli-Eramaki, M., Agababova, M., Janabi, J., Pasko, E., & Damecour, C. (2019).
Evaluation and comparison of lift styles for an ideal lift among individuals with different
levels of training. Applied Ergonomics, 78, 120-126.
https://doi.org/10.1016/j.apergo.2019.02.007

Adams, M. A,, & Dolan, P. (1991). A technique for quantifying the bending moment acting
on the lumbar spine in vivo. Journal of Biomechanics, 24(2), 117-126.
https://doi.org/10.1016/0021-9290(91)90356-R

Alegre, L. M., Ferri-Morales, A., Rodriguez-Casares, R., & Aguado, X. (2014). Effects of
isometric training on the knee extensor moment—angle relationship and vastus lateralis
muscle architecture. European Journal of Applied Physiology, 114(11), 2437-2446.
https://doi.org/10.1007/s00421-014-2967-x

Anderson, D. E., Madigan, M. L., & Nussbaum, M. A. (2007). Maximum voluntary joint
torque as a function of joint angle and angular velocity: Model development and
application to the lower limb. Journal of Biomechanics, 40(14), 3105-3113.
https://doi.org/10.1016/j.jbiomech.2007.03.022

Androulakis-Korakakis, P., Michalopoulos, N., Fisher, J. P., Keogh, J., Loenneke, J. P.,
Helms, E., Wolf, M., Nuckols, G., & Steele, J. (2021). The Minimum Effective Training
Dose Required for 1RM Strength in Powerlifters. Frontiers in Sports and Active Living, 3,
713655. https://doi.org/10.3389/fspor.2021.713655

Anish, E. J. (2005). Exercise and Its Effects on the Central Nervous System: Current
Sports Medicine Reports, 4(1), 18-23.
https://doi.org/10.1097/01.CSMR.0000306066.14026.77

151



Barrett, J. M., & Callaghan, J. P. (2021). A one-dimensional collagen-based
biomechanical model of passive soft tissue with viscoelasticity and failure. Journal of
Theoretical Biology, 509, 110488. https://doi.org/10.1016/j.jtbi.2020.110488

Bauwens, P., & Coyer, A. B. (1955). The multifidus triangle syndrome as a cause of
recurrent low-back pain. British Medical Journal, 2(4951), 1306-1307.
https://doi.org/10.1136/bmj.2.4951.1306

Bazrgari, B., Shirazi-Ad|, A., & Arjmand, N. (2007). Analysis of squat and stoop dynamic
liftings: Muscle forces and internal spinal loads. European Spine Journal, 16(5), 687—699.
https://doi.org/10.1007/s00586-006-0240-7

Beach, T. A. C., Frost, D. M., Clark, J. M., Maly, M. R., & Callaghan, J. P. (2014).
Unilateral ankle immobilization alters the kinematics and kinetics of lifting. Work, 47(2),
221-234. https://doi.org/10.3233/WOR-121573

Beach, T. A. C., Frost, D. M., McGill, S. M., & Callaghan, J. P. (2014). Physical fithess
improvements and occupational low-back loading — an exercise intervention study with
firefighters. Ergonomics, 57(5), 744—763. https://doi.org/10.1080/00140139.2014.897374

Beach, T. A. C,, Frost, D. M., Zehr, J. D., Howarth, S. J., McGill, S. M., & Callaghan, J. P.
(2019). Spine loading during laboratory-simulated fireground operations—Inter-individual
variation and method of load quantification. Ergonomics, 62(11), 1426-1438.
https://doi.org/10.1080/00140139.2019.1657183

Beach, T. A. C., Parkinson, R. J., Stothart, J. P., & Callaghan, J. P. (2005). Effects of
prolonged sitting on the passive flexion stiffness of the in vivo lumbar spine. The Spine
Journal, 5(2), 145-154. https://doi.org/10.1016/j.spinee.2004.07.036

Beach, T. A. C., Stankovic, T., Carnegie, D. R., Micay, R., & Frost, D. M. (2018). Using
verbal instructions to influence lifting mechanics — Does the directive “lift with your legs,
not your back” attenuate spinal flexion? Journal of Electromyography and Kinesiology,
38, 1-6. https://doi.org/10.1016/j.jelekin.2017.10.008

Becker, N., Ziebarth, A., Larson, D., Zwambag, D., & Brown, S. (2022). Influence of Spine-
Focused Verbal Instruction on Spine Flexion During Lifting. Journal of Human Kinetics,
84, 12-20. https://doi.org/10.2478/hukin-2022-0085

Beckham, G. K., Sato, K., Santana, H. A. P., Mizuguchi, S., Haff, G. G., & Stone, M. H.
(2018). Effect of Body Position on Force Production During the Isometric Midthigh Pull.
Journal of Strength and Conditioning Research, 32(1), 48-56.
https://doi.org/10.1519/JSC.0000000000001968

Belavy, D. L., Van Oosterwijck, J., Clarkson, M., Dhondt, E., Mundell, N. L., Miller, C. T.,
& Owen, P. J. (2021). Pain sensitivity is reduced by exercise training: Evidence from a
systematic review and meta-analysis. Neuroscience & Biobehavioral Reviews, 120, 100—
108. https://doi.org/10.1016/j.neubiorev.2020.11.012

152



Biewener, A. A,, Farley, C. T., Roberts, T. J., & Temaner, M. (2004). Muscle mechanical
advantage of human walking and running: Implications for energy cost. Journal of Applied
Physiology, 97(6), 2266—2274. https://doi.org/10.1152/japplphysiol.00003.2004

Bohle Carbonell, K., Stalmeijer, R. E., Konings, K. D., Segers, M., & van Merriénboer, J.
J. G. (2014). How experts deal with novel situations: A review of adaptive expertise.
Educational Research Review, 12, 14-29. https://doi.org/10.1016/j.edurev.2014.03.001

Brereton, L. C., & McGilll, S. M. (1998). Frequency response of spine extensors during
rapid isometric contractions: Effects of muscle length and tension. Journal of
Electromyography and Kinesiology, 8(4), 227-232. https://doi.org/10.1016/S1050-
6411(98)00009-1

Bressel, E., Dolny, D. G., Vandenberg, C., & Cronin, J. B. (2012). Trunk muscle activity
during spine stabilization exercises performed in a pool. Physical Therapy in Sport, 13(2),
67—72. https://doi.org/10.1016/j.ptsp.2011.06.002

Brown, S. H. M., & Potvin, J. R. (2007). The effect of reducing the number of EMG channel
inputs on loading and stiffness estimates from an EMG-driven model of the spine.
Ergonomics, 50(5), 743-751. https://doi.org/10.1080/00140130701194926

Brown, S. H. M., Vera-Garcia, F. J., & McGill, S. M. (2006). Effects of Abdominal Muscle
Coactivation on the Externally Preloaded Trunk: Variations in Motor Control and Its Effect
on Spine Stability: Spine, 31(13), E387-E393.
https://doi.org/10.1097/01.brs.0000220221.57213.25

Brown, T. D. (2004). Finite Element Modeling in Musculoskeletal Biomechanics. Journal
of Applied Biomechanics, 20(4), 336—366. https://doi.org/10.1123/jab.20.4.336

Brughelli, M., Cronin, J., & Nosaka, K. (2010). Muscle Architecture and Optimum Angle
of the Knee Flexors and Extensors: A Comparison Between Cyclists and Australian Rules
Football Players. Journal of Strength and Conditioning Research, 24(3), 717-721.
https://doi.org/10.1519/JSC.0b013e318197009a

Buchanan, T. S., Lloyd, D. G., Manal, K., & Besier, T. F. (2004). Neuromusculoskeletal
modeling: Estimation of muscle forces and joint moments and movements from
measurements of neural command. Journal of Applied Biomechanics, 20(4), 367-395.
https://doi.org/10.1123/jab.20.4.367

Buchbinder, R., van Tulder, M., Oberg, B., Costa, L. M., Woolf, A., Schoene, M., Croft,
P., Buchbinder, R., Hartvigsen, J., Cherkin, D., Foster, N. E., Maher, C. G., Underwood,
M., van Tulder, M., Anema, J. R., Chou, R., Cohen, S. P., Menezes Costa, L., Croft, P.,
... Woolf, A. (2018). Low back pain: A call for action. The Lancet, 391(10137), 2384—
2388. https://doi.org/10.1016/S0140-6736(18)30488-4

Buchman-Pearle, J. M., Pinto, B. L., Barrett, J. M., Nenadov, E. M., & Callaghan, J. P.
(2023). Lower limb postures resembling sitting and standing alter lumbar angles along

153



the passive stiffness curve. Journal of Electromyography and Kinesiology, 69, 102752.
https://doi.org/10.1016/j.jelekin.2023.102752

Buckeridge, E. M., Bull, A. M. J., & McGregor, A. H. (2015). Biomechanical determinants
of elite rowing technique and performance: Rowing technique and performance.
Scandinavian Journal of Medicine & Science in Sports, 25(2), el76—e183.
https://doi.org/10.1111/sms.12264

Buckwalter, J. A., & Grodzinsky, A. J. (1999). Loading of Healing Bone, Fibrous Tissue,
and Muscle: Implications for Orthopaedic Practice: Journal of the American Academy of
Orthopaedic Surgeons, 7(5), 291-299. https://doi.org/10.5435/00124635-199909000-
00002

Butera, K. A., Fox, E. J., & George, S. Z. (2016). Toward a Transformed Understanding:
From Pain and Movement to Pain With Movement. Physical Therapy, 96(10), 1503-1507.
https://doi.org/10.2522/ptj.20160211

Callaghan, J. P., & McGill, S. M. (2001). Intervertebral disc herniation: Studies on a
porcine model exposed to highly repetitive flexion/extension motion with compressive
force. Clinical Biomechanics, 16(1), 28-37. https://doi.org/10.1016/S0268-
0033(00)00063-2

Carnegie, D. R., Zehr, J. D., Howarth, S. J., & Beach, T. A. C. (2022). Kinematic
adaptations to restricting spine motion during symmetrical lifting. Journal of
Electromyography and Kinesiology, 67, 102716.
https://doi.org/10.1016/j.jelekin.2022.102716

Chaffin, D. B. (1975). Ergonomics Guide for The Assessment of Human Static Strength.
American Industrial Hygiene Association Journal, 36(7), 505-511.
https://doi.org/10.1080/0002889758507283

Chaffin, D. B. (1997). Development of computerized human static strength simulation
model for job design. Human Factors and Ergonomics in Manufacturing, 7(4), 305—-322.
https://doi.org/10.1002/(SICI)1520-6564(199723)7:4<305::AID-HFM3>3.0.CO;2-7

Chan, V. C. H., Welsh, T. N., Tremblay, L., Frost, D. M., & Beach, T. A. C. (2022). A
comparison of augmented feedback and didactic training approaches to reduce spine
motion during occupational lifting tasks. Applied Ergonomics, 99, 103612.
https://doi.org/10.1016/j.apergo.2021.103612

Chen, Y.-L., Lee, Y.-C., & Chen, C.-J. (2011). Differences in lifting strength profiles
between experienced workers and novices at various exertion heights. International
Journal of Industrial Ergonomics, 41(1), 53-58.
https://doi.org/10.1016/j.ergon.2010.11.006

Cholewa, J. M., Atalag, O., Zinchenko, A., Johnson, K., & Henselmans, M. (2019).
Anthropometrical Determinants of Deadlift Variant Performance. Journal of Sports
Science & Medicine, 18(3), 448—-453.

154



Cholewicki, J., Breen, A., Popovich, J. M., Reeves, N. P., Sahrmann, S. A., van Dillen, L.
R., Vleeming, A., & Hodges, P. W. (2019). Can Biomechanics Research Lead to More
Effective Treatment of Low Back Pain? A Point-Counterpoint Debate. Journal of
Orthopaedic & Sports Physical Therapy, 49(6), 425-436.
https://doi.org/10.2519/jospt.2019.8825

Cholewicki, J., & McGill, S. M. (1996). Mechanical stability of the in vivo lumbar spine:
Implications for injury and chronic low back pain. Clinical Biomechanics, 11(1), 1-15.
https://doi.org/10.1016/0268-0033(95)00035-6

Cholewicki, J., McGill, S. M., & Norman, R. W. (1991). Lumbar spine loads during the
lifting of extremely heavy weights. Medicine and Science in Sports and Exercise, 23(10),
1179-1186.

Cholewicki, J., McGill, S. M., & Norman, R. W. (1995). Comparison of muscle forces and
joint load from an optimization and EMG assisted lumbar spine model: Towards
development of a hybrid approach. Journal of Biomechanics, 28(3), 321-331.
https://doi.org/10.1016/0021-9290(94)00065-C

Chou, R., Qaseem, A., Snow, V., Casey, D., Cross, J. T., Shekelle, P., Owens, D. K., &
for the Clinical Efficacy Assessment Subcommittee of the American College of Physicians
and the American College of Physicians/American Pain Society Low Back Pain
Guidelines Panel*. (2007). Diagnosis and Treatment of Low Back Pain: A Joint Clinical
Practice Guideline from the American College of Physicians and the American Pain
Society. Annals of Internal Medicine, 147(7), 478. https://doi.org/10.7326/0003-4819-147-
7-200710020-00006

Chow, D. H., Cheng, I. Y., Holmes, A. D., & Evans, J. H. (2005). Postural perturbation
and muscular response following sudden release during symmetric squat and stoop
lifting. Ergonomics, 48(6), 591-607. https://doi.org/10.1080/00140130500071002

Coenen, P., Campbell, A., Kemp-Smith, K., O’Sullivan, P., & Straker, L. (2017).
Abdominal bracing during lifting alters trunk muscle activity and body kinematics. Applied
Ergonomics, 63, 91-98. https://doi.org/10.1016/j.apergo.2017.04.009

Coenen, P., Gouttebarge, V., van der Burght, A. S. A. M., van Dieén, J. H., Frings-Dresen,
M. H. W., van der Beek, A. J., & Burdorf, A. (2014). The effect of lifting during work on
low back pain: A health impact assessment based on a meta-analysis. Occupational and
Environmental Medicine, 71(12), 871-877. https://doi.org/10.1136/0emed-2014-102346

Colguhoun, R. J., Gai, C. M., Aguilar, D., Bove, D., Dolan, J., Vargas, A., Couvillion, K.,
Jenkins, N. D. M., & Campbell, B. I. (2018). Training Volume, Not Frequency, Indicative
of Maximal Strength Adaptations to Resistance Training. Journal of Strength and
Conditioning Research, 32(5), 1207-1213.
https://doi.org/10.1519/JSC.0000000000002414

155



Comfort, P., Jones, P. A., McMahon, J. J., & Newton, R. (2015). Effect of knee and trunk
angle on kinetic variables during the isometric midthigh pull: Test-retest reliability.
International Journal of Sports Physiology and Performance, 10(1), 58-63.
https://doi.org/10.1123/ijspp.2014-0077

Corbett, D. B., Simon, C. B., Manini, T. M., George, S. Z., Riley, J. L., & Fillingim, R. B.
(2019). Movement-evoked pain: Transforming the way we understand and measure pain.
Pain, 160(4), 757-761. https://doi.org/10.1097/j.pain.0000000000001431

Crisco, J. J., Panjabi, M. M., Yamamoto, I., & Oxland, T. R. (1992). Euler stability of the
human ligamentous lumbar spine. Part II: Experiment. Clinical Biomechanics, 7(1), 27—
32. https://doi.org/10.1016/0268-0033(92)90004-N

Cudlip, A. C., Maciukiewicz, J. M., Pinto, B. L., & Dickerson, C. R. (2022). Upper extremity
muscle activity and joint loading changes between the standard and powerlifting bench
press techniques. Journal of Sports Sciences, 40(9), 1055-1063.
https://doi.org/10.1080/02640414.2022.2046937

Daenen, L., Varkey, E., Kellmann, M., & Nijs, J. (2015). Exercise, Not to Exercise, or How
to Exercise in Patients With Chronic Pain? Applying Science to Practice. The Clinical
Journal of Pain, 31(2), 108-114. https://doi.org/10.1097/AJP.0000000000000099

Daggfeldt, K., & Thorstensson, A. (2003). The mechanics of back-extensor torque
production about the Ilumbar spine. Journal of Biomechanics, 36(6), 815-825.
https://doi.org/10.1016/S0021-9290(03)00015-0

Dai, B., & Layer, J. S. (2019). Strength Assessments. In Nutrition and Enhanced Sports
Performance (pp. 471-481). Elsevier. https://doi.org/10.1016/B978-0-12-813922-
6.00040-0

Daly, R. M. (2001). Balancing the risk of injury to gymnasts: How effective are the counter
measures? British Journal of Sports Medicine, 35(1), 8-19.
https://doi.org/10.1136/bjsm.35.1.8

De Luca, C. J. (1997). The Use of Surface Electromyography in Biomechanics. Journal
of Applied Biomechanics, 13(2), 135-163. https://doi.org/10.1123/jab.13.2.135

Della Croce, U., Leardini, A., Chiari, L., & Cappozzo, A. (2005). Human movement
analysis using stereophotogrammetry. Gait & Posture, 21(2), 226-237.
https://doi.org/10.1016/j.gaitpost.2004.05.003

Denis, D., Gonella, M., Comeau, M., & Lauzier, M. (2020). Questioning the value of
manual material handling training: A scoping and critical literature review. Applied
Ergonomics, 89, 103186. https://doi.org/10.1016/j.apergo.2020.103186

Detry, M. A., & Ma, Y. (2016). Analyzing Repeated Measurements Using Mixed Models.
JAMA, 315(4), 407. https://doi.org/10.1001/jama.2015.19394

156



Dowling, J. J. (1997). The Use of Electromyography for the Noninvasive Prediction of
Muscle Forces: Current Issues. Sports Medicine, 24(2), 82-96.
https://doi.org/10.2165/00007256-199724020-00002

Dreischarf, M., Shirazi-Adl, A., Arjmand, N., Rohlmann, A., & Schmidt, H. (2016).
Estimation of loads on human lumbar spine: A review of in vivo and computational model
studies. Journal of Biomechanics, 49(6), 833-845.
https://doi.org/10.1016/j.jbiomech.2015.12.038

Edwards, W. B., Troy, K. L., & Derrick, T. R. (2011). On the filtering of intersegmental
loads during running. Gait & Posture, 34(3), 435-438.
https://doi.org/10.1016/j.gaitpost.2011.06.006

Escamilla, R. F., Francisco, A. C., Fleisig, G. S., Barrentine, S. W., Welch, C. M., Kayes,
A. V., Speer, K. P., & Andrews, J. R. (2000). A three-dimensional biomechanical analysis
of sumo and conventional style deadlifts: Medicine & Science in Sports & Exercise, 32(7),
1265-1275. https://doi.org/10.1097/00005768-200007000-00013

Faber, G. S., Chang, C.-C., Kingma, I., & Dennerlein, J. T. (2013). Lifting style and
participant’s sex do not affect optimal inertial sensor location for ambulatory assessment
of  trunk inclination. Journal of Biomechanics, 46(5), 1027-1030.
https://doi.org/10.1016/j.jbiomech.2012.12.007

Faber, G. S., Kingma, ., & Van Dieén, J. H. (2007). The effects of ergonomic interventions
on low back moments are attenuated by changes in lifting behaviour. Ergonomics, 50(9),
1377-1391. https://doi.org/10.1080/00140130701324622

Farrow, D., & Robertson, S. (2017). Development of a Skill Acquisition Periodisation
Framework for High-Performance Sport. Sports Medicine, 47(6), 1043-1054.
https://doi.org/10.1007/s40279-016-0646-2

Faul, F., Erdfelder, E., Lang, A.-G., & Buchner, A. (2007). G*Power 3: A flexible statistical
power analysis program for the social, behavioral, and biomedical sciences. Behavior
Research Methods, 39(2), 175-191. https://doi.org/10.3758/BF03193146

Ferland, P.-M., Pollock, A., Swope, R., Ryan, M., Reeder, M., Heumann, K., & Comtois,
A. S. (2020). The Relationship Between Physical Characteristics and Maximal Strength
in Men Practicing the Back Squat, the Bench Press and the Deadlift. International Journal
of Exercise Science, 13(4), 281-297.

Fernandez-Rodriguez, R., Alvarez-Bueno, C., Cavero-Redondo, I., Torres-Costoso, A.,
Pozuelo-Carrascosa, D. P., Reina-Gutiérrez, S., Pascual-Morena, C., & Martinez-
Vizcaino, V. (2022). Best Exercise Options for Reducing Pain and Disability in Adults With
Chronic Low Back Pain: Pilates, Strength, Core-Based, and Mind-Body. A Network Meta-
analysis. Journal of Orthopaedic & Sports Physical Therapy, 52(8), 505-521.
https://doi.org/10.2519/jospt.2022.10671

157



Fewster, K. M., Barrett, J. M., & Callaghan, J. P. (2021). Passive stiffness changes in the
lumbar spine following simulated automotive low speed rear-end collisions. Clinical
Biomechanics, 90, 105507. https://doi.org/10.1016/|.clinbiomech.2021.105507

Finni, T. (2006). Structural and functional features of human muscle-tendon unit.
Scandinavian Journal of Medicine and Science in Sports, 16(3), 147-158.
https://doi.org/10.1111/j.1600-0838.2005.00494.x

Fischer, S. L., Picco, B. R., Wells, R. P., & Dickerson, C. R. (2013). The Roles of Whole
Body Balance, Shoe-Floor Friction, and Joint Strength During Maximum Exertions:
Searching for the “Weakest Link.” Journal of Applied Biomechanics, 29(1), 1-11.
https://doi.org/10.1123/jab.29.1.1

Flanagan, S. P., & Salem, G. J. (2005). The Validity of Summing Lower Extremity
Individual Joint Kinetic Measures. Journal of Applied Biomechanics, 21(2), 181-188.
https://doi.org/10.1123/jab.21.2.181

Flanagan, S. P., & Salem, G. J. (2008). Lower extremity joint kinetic responses to external
resistance variations. Journal of Applied Biomechanics, 24(1), 58-68.
https://doi.org/10.1123/jab.24.1.58

Frey-Law, L. A., Laake, A., Avin, K. G., Heitsman, J., Marler, T., & Abdel-Malek, K. (2012).
Knee and elbow 3D strength surfaces: Peak torque-angle-velocity relationships. Journal
of Applied Biomechanics, 28(6), 726—737. https://doi.org/10.1123/jab.28.6.726

Fritz, J. M., Delitto, A., & Erhard, R. E. (2003). Comparison of Classification-Based
Physical Therapy With Therapy Based on Clinical Practice Guidelines for Patients with
Acute Low Back Pain: A Randomized Clinical Trial. Spine, 28(13), 1363-1371.
https://doi.org/10.1097/01.BRS.0000067115.61673.FF

Frost, D. M., Beach, T. A. C., Callaghan, J. P., & McGill, S. M. (2015). Exercise-Based
Performance Enhancement and Injury Prevention for Firefighters: Contrasting the
Fitness- and Movement-Related Adaptations to Two Training Methodologies. Journal of
Strength and Conditioning Research, 29(9), 2441-2459.
https://doi.org/10.1519/JSC.0000000000000923

Fuglsang, E. I., Telling, A. S., & Segrensen, H. (2017). Effect of Ankle Mobility and
Segment Ratios on Trunk Lean in the Barbell Back Squat. Journal of Strength and
Conditioning Research, 31(11), 3024-3033.
https://doi.org/10.1519/JSC.0000000000001872

Gabbett, T. J. (2016). The training—injury prevention paradox: Should athletes be training
smarter and harder? British Journal of Sports Medicine, 50(5), 273-280.
https://doi.org/10.1136/bjsports-2015-095788

Gabriel, D. A., Kamen, G., & Frost, G. (2006). Neural Adaptations to Resistive Exercise:
Mechanisms and Recommendations for Training Practices. Sports Medicine, 36(2), 133—
149. https://doi.org/10.2165/00007256-200636020-00004

158



Gagnon, D., Plamondon, A., & Lariviere, C. (2016). A biomechanical comparison between
expert and novice manual materials handlers using a multi-joint EMG-assisted
optimization musculoskeletal model of the lumbar spine. Journal of Biomechanics, 49(13),
2938-2945. https://doi.org/10.1016/j.jbiomech.2016.07.009

Gallagher, S. (1997). Trunk Extension Strength and Muscle Activity in Standing and
Kneeling Postures: Spine, 22(16), 1864-1872. https://doi.org/10.1097/00007632-
199708150-00011

Gallagher, S., Marras, W. S., Litsky, A. S., & Burr, D. (2005). Torso Flexion Loads and
the Fatigue Failure of Human Lumbosacral Motion Segments: Spine, 30(20), 2265-2273.
https://doi.org/10.1097/01.brs.0000182086.33984.b3

Garg, A., & Herrin, G. D. (1979). Stoop or Squat: A Biomechanical and Metabolic
Evaluation. A I I E Transactions, 11(4), 293-302.
https://doi.org/10.1080/05695557908974474

Gooyers, C. E., Beach, T. A. C., Frost, D. M., Howarth, S. J., & Callaghan, J. P. (2018).
Identifying interactive effects of task demands in lifting on estimates of in vivo low back
joint loads. Applied Ergonomics, 67, 203-210.
https://doi.org/10.1016/j.apergo.2017.10.005

Granacher, U., Gollhofer, A., Hortobagyi, T., Kressig, R. W., & Muehlbauer, T. (2013).
The Importance of Trunk Muscle Strength for Balance, Functional Performance, and Fall
Prevention in Seniors: A Systematic Review. Sports Medicine, 43(7), 627-641.
https://doi.org/10.1007/s40279-013-0041-1

Granata, K. P., & Marras, W. S. (1995). The influence of trunk muscle coactivity on
dynamic spinal loads. Spine, 20(8), 913-919. https://doi.org/10.1097/00007632-
199504150-00006

Graves, J. E., Pollock, M. L., Carpenter, D. M., Leggett, S. H., Jones, A., MacMILLAN,
M., & Fulton, M. (1990). Quantitative Assessment of Full Range-of-Motion Isometric
Lumbar Extension Strength: Spine, 15(4), 289-294. https://doi.org/10.1097/00007632-
199004000-00008

Grenier, S. G., & McGill, S. M. (2007). Quantification of Lumbar Stability by Using 2
Different Abdominal Activation Strategies. Archives of Physical Medicine and
Rehabilitation, 88(1), 54—-62. https://doi.org/10.1016/j.apmr.2006.10.014

Gribble, P. L., Mullin, L. 1., Cothros, N., & Mattar, A. (2003). Role of Cocontraction in Arm
Movement  Accuracy. Journal of  Neurophysiology, 89(5), 2396-2405.
https://doi.org/10.1152/jn.01020.2002

Gritters, K., Narciss, S., Beaudette, S. M., & Oppici, L. (2023). Reducing Lumbar Flexion
in a Repetitive Lifting Task: Comparison of Leukotape and Kinesio Tape and Their Effect
on Lumbar Proprioception. Applied Sciences, 13(10), 5908.
https://doi.org/10.3390/app13105908

159



Gunning, J. L., Callaghan, J. P., & McGill, S. M. (2001). Spinal posture and prior loading
history modulate compressive strength and type of failure in the spine: A biomechanical
study using a porcine cervical spine model. Clinical Biomechanics, 16(6), 471-480.
https://doi.org/10.1016/S0268-0033(01)00032-8

Guppy, S. N., Brady, C. J., Kotani, Y., Stone, M. H., Medic, N., & Haff, G. G. (2019). Effect
of Altering Body Posture and Barbell Position on the Within-Session Reliability and
Magnitude of Force-Time Curve Characteristics in the Isometric Midthigh Pull. Journal of
Strength and Conditioning Research, 33(12), 3252-3262.
https://doi.org/10.1519/JSC.0000000000003254

Hainline, B., Turner, J. A., Caneiro, J. P., Stewart, M., & Lorimer Moseley, G. (2017). Pain
in elite athletes—neurophysiological, biomechanical and psychosocial considerations: A
narrative review. British Journal of Sports Medicine, 51(17), 1259-1264.
https://doi.org/10.1136/bjsports-2017-097890

Han, C. S., Hancock, M. J., & Maher, C. G. (2022). Reconsidering non-specific low back
pain: Where to from here? The Spine Journal, 22(12), 1927-1930.
https://doi.org/10.1016/j.spinee.2022.08.001

Hartvigsen, J., Hancock, M. J., Kongsted, A., Louw, Q., Ferreira, M. L., Genevay, S., Hoy,
D., Karppinen, J., Pransky, G., Sieper, J., Smeets, R. J., Underwood, M., Buchbinder, R.,
Hartvigsen, J., Cherkin, D., Foster, N. E., Maher, C. G., Underwood, M., van Tulder, M.,
... Woolf, A. (2018). What low back pain is and why we need to pay attention. The Lancet,
391(10137), 2356—-2367. https://doi.org/10.1016/S0140-6736(18)30480-X

Heckman, C. J., & Sandercock, T. G. (1996). From motor unit to whole muscle properties
during locomotor movements. Exercise and Sport Sciences Reviews, 24, 109-133.

Hefford, C. (2008). McKenzie classification of mechanical spinal pain: Profile of
syndromes and directions of preference. Manual Therapy, 13(1), 75-81.
https://doi.org/10.1016/j.math.2006.08.005

Heiss, D. G., Shields, R. K., & Yack, H. J. (2002). Balance loss when lifting a heavier-
than-expected load: Effects of lifting technique. Archives of Physical Medicine and
Rehabilitation, 83(1), 48-59. https://doi.org/10.1053/apmr.2002.27377

Herzog, W. (1996). Force-sharing among synergistic muscles: Theoretical considerations
and experimental approaches. Exercise and Sport Sciences Reviews, 24, 173—-202.

Herzog, W., Guimaraes, A. C., Anton, M. G., & Carter-Erdman, K. A. (1991). Moment-
length relations of rectus femoris muscles of speed skaters/cyclists and runners. Medicine
and Science in Sports and Exercise, 23(11), 1289-1296.

Hicks, G. E., Fritz, J. M., Delitto, A., & McGill, S. M. (2005). Preliminary Development of
a Clinical Prediction Rule for Determining Which Patients With Low Back Pain Will
Respond to a Stabilization Exercise Program. Archives of Physical Medicine and
Rehabilitation, 86(9), 1753-1762. https://doi.org/10.1016/j.apmr.2005.03.033

160



Hof, A. L. (1992). An explicit expression for the moment in multibody systems. Journal of
Biomechanics, 25(10), 1209-1211. https://doi.org/10.1016/0021-9290(92)90076-D

Howarth, S. J., Beach, T. A. C., & Callaghan, J. P. (2008). Abdominal Muscles Dominate
Contributions to Vertebral Joint Stiffness during the Push-up. Journal of Applied
Biomechanics, 24(2), 130-139. https://doi.org/10.1123/jab.24.2.130

Howarth, S. J., & Callaghan, J. P. (2012). Compressive force magnitude and
intervertebral joint flexion/extension angle influence shear failure force magnitude in the
porcine  cervical spine. Journal of  Biomechanics, 45(3), 484-490.
https://doi.org/10.1016/j.jbiomech.2011.11.051

Huang, R., Ning, J., Chuter, V. H., Taylor, J. B., Christophe, D., Meng, Z., Xu, Y., & Jiang,
L. (2020). Exercise alone and exercise combined with education both prevent episodes
of low back pain and related absenteeism: Systematic review and network meta-analysis
of randomised controlled trials (RCTs) aimed at preventing back pain. British Journal of
Sports Medicine, 54(13), 766—770. https://doi.org/10.1136/bjsports-2018-100035

Hussain, S. J., & Frey-Law, L. (2016). 3D strength surfaces for ankle plantar- and dorsi-
flexion in healthy adults: An isometric and isokinetic dynamometry study. Journal of Foot
and Ankle Research, 9(1), 43. https://doi.org/10.1186/s13047-016-0174-1

Huxel Bliven, K. C., & Anderson, B. E. (2013). Core Stability Training for Injury Prevention.
Sports Health: A Multidisciplinary Approach, 5(6), 514-522.
https://doi.org/10.1177/1941738113481200

Hwang, S., Kim, Y., & Kim, Y. (2009). Lower extremity joint kinetics and lumbar curvature
during squat and stoop lifting. BMC Musculoskeletal Disorders, 10(1), 15.
https://doi.org/10.1186/1471-2474-10-15

Ikeda, D. M., & McGill, S. M. (2012). Can Altering Motions, Postures, and Loads Provide
Immediate Low Back Pain Relief: A Study of 4 Cases Investigating Spine Load, Posture,
and Stability. Spine, 37(23), E1469-E1475.
https://doi.org/10.1097/BRS.0b013e31826c97e5

James, L. P., Weakley, J., Comfort, P., & Huynh, M. (2024). The Relationship Between
Isometric and Dynamic Strength Following Resistance Training: A Systematic Review,
Meta-Analysis, and Level of Agreement. International Journal of Sports Physiology and
Performance, 19(1), 2-12. https://doi.org/10.1123/ijspp.2023-0066

Jorgensen, M. J., Marras, W. S., Gupta, P., & Waters, T. R. (2003). Effect of torso flexion
on the lumbar torso extensor muscle sagittal plane moment arms. The Spine Journal,
3(5), 363—-369. https://doi.org/10.1016/S1529-9430(03)00140-2

Kalkhoven, J. T., Watsford, M. L., Coutts, A. J., Edwards, W. B., & Impellizzeri, F. M.
(2021). Training Load and Injury: Causal Pathways and Future Directions. Sports
Medicine, 51(6), 1137-1150. https://doi.org/10.1007/s40279-020-01413-6

161



Kalkhoven, J. T., Watsford, M. L., & Impellizzeri, F. M. (2020). A conceptual model and
detailed framework for stress-related, strain-related, and overuse athletic injury. Journal
of Science and Medicine in Sport, 23(8), 726-734.
https://doi.org/10.1016/j.jsams.2020.02.002

Kamachi, M., Owlia, M., & Dutta, T. (2021). Evaluating a wearable biofeedback device for
reducing end-range sagittal lumbar spine flexion among home caregivers. Applied
Ergonomics, 97, 103547. https://doi.org/10.1016/j.apergo.2021.103547

Kannus, R., J0zsa, L., Renstrom, R., Jarvtoen, M., Kvist, M., Lento, M., Oja, P., & Vuorl,
l. (2007). The effects of training, immobilization and remobilization on musculoskeletal
tissue: 1. Training and immobilization. Scandinavian Journal of Medicine & Science in
Sports, 2(3), 100-118. https://doi.org/10.1111/j.1600-0838.1992.tb00330.x

Karayannis, N. V., Jull, G. A., & Hodges, P. W. (2012). Physiotherapy movement based
classification approaches to low back pain: Comparison of subgroups through review and
developer/expert  survey. BMC  Musculoskeletal  Disorders, 13(1), 24.
https://doi.org/10.1186/1471-2474-13-24

Kavcic, N., Grenier, S., & McGill, S. M. (2004). Quantifying Tissue Loads and Spine
Stability While Performing Commonly Prescribed Low Back Stabilization Exercises:
Spine, 29(20), 2319-2329. https://doi.org/10.1097/01.brs.0000142222.62203.67

Kawabata, M., Shima, N., Hamada, H., Nakamura, I., & Nishizono, H. (2010). Changes
in intra-abdominal pressure and spontaneous breath volume by magnitude of lifting effort:
Highly trained athletes versus healthy men. European Journal of Applied Physiology,
109(2), 279-286. https://doi.org/10.1007/s00421-009-1344-7

Kawakami, Y., Ichinose, Y., & Fukunaga, T. (1998). Architectural and functional features
of human triceps surae muscles during contraction. Journal of Applied Physiology, 85(2),
398-404. https://doi.org/10.1152/jappl.1998.85.2.398

Kellis, E., & Blazevich, A. J. (2022). Hamstrings force-length relationships and their
implications for angle-specific joint torques: A narrative review. BMC Sports Science,
Medicine and Rehabilitation, 14(1), 166. https://doi.org/10.1186/s13102-022-00555-6

Kent, P., & Keating, J. (2004). Do Primary-Care Clinicians Think That Nonspecific Low
Back Pain Is One Condition?: Spine, 29(9), 1022-1031.
https://doi.org/10.1097/00007632-200405010-00015

Kent, P., Laird, R., & Haines, T. (2015). The effect of changing movement and posture
using motion-sensor biofeedback, versus guidelines-based care, on the clinical outcomes
of people with sub-acute or chronic low back pain-a multicentre, cluster-randomised,
placebo-controlled, pilot trial. BMC Musculoskeletal Disorders, 16(1), 131.
https://doi.org/10.1186/s12891-015-0591-5

162



Keogh, J. W., Lake, J. P., & Swinton, P. A. (2013). Practical applications of biomechanical
principles in resistance training: Moments and moment arms. Journal of Fitness
Research, 2(2), 39-48.

Kerk, C. J., Chaffin, D. B., Page, G. B., & Hughes, R. E. (1994). A COMPREHENSIVE
BIOMECHANICAL MODEL USING STRENGTH, STABILITY, AND COF CONSTRAINTS
TO PREDICT HAND FORCE EXERTION CAPABILITY UNDER SAGITTALLY
SYMMETRIC  STATIC CONDITIONS. IlIlE Transactions, 26(3), 57-67.
https://doi.org/10.1080/07408179408966608

Khoddam-Khorasani, P., Arjmand, N., & Shirazi-Adl, A. (2020). Effect of changes in the
lumbar posture in lifting on trunk muscle and spinal loads: A combined in vivo,
musculoskeletal, and finite element model study. Journal of Biomechanics, 104, 109728.
https://doi.org/10.1016/j.jbiomech.2020.109728

Kibler, W. B., Press, J., & Sciascia, A. (2006). The role of core stability in athletic function.
Sports Medicine (Auckland, N.Z.), 36(3), 189-198. https://doi.org/10.2165/00007256-
200636030-00001

Kingma, 1., Bosch, T., Bruins, L., & van Dieén, J. H. (2004). Foot positioning instruction,
initial vertical load position and lifting technique: Effects on low back loading. Ergonomics,
47(13), 1365-1385. https://doi.org/10.1080/00140130410001714742

Kingma, I., Faber, G. S., & van Dieén, J. H. (2010). How to lift a box that is too large to fit
between the knees. Ergonomics, 53(10), 1228-1238.
https://doi.org/10.1080/00140139.2010.512983

Kingma, I., Staudenmann, D., & van Dieén, J. H. (2007). Trunk muscle activation and
associated lumbar spine joint shear forces under different levels of external forward force
applied to the trunk. Journal of Electromyography and Kinesiology, 17(1), 14-24.
https://doi.org/10.1016/j.jelekin.2005.12.001

Kipp, K., & Harris, C. (2017). Muscle-Specific Effective Mechanical Advantage and Joint
Impulse in Weightlifting. Journal of Strength and Conditioning Research, 31(7), 1905—
1910. https://doi.org/10.1519/JSC.0000000000001658

Knudson, D. (2021). Applying Biomechanics in Teaching and Coaching. In D. Knudson,
Fundamentals of Biomechanics (pp. 167-176). Springer International Publishing.
https://doi.org/10.1007/978-3-030-51838-7_9

Kocjan, A., & Sarabon, N. (2014). Assessment of Isometric Trunk Strength—The
Relevance of Body Position and Relationship between Planes of Movement. Journal of
Sports Science & Medicine, 13(2), 365-370.

Koes, B. W., van Tulder, M. W., & Thomas, S. (2006). Diagnosis and treatment of low
back pain. BMJ, 332(7555), 1430-1434. https://doi.org/10.1136/bmj.332.7555.1430

163



Kristianslund, E., Krosshaug, T., & van den Bogert, A. J. (2012). Effect of low pass filtering
on joint moments from inverse dynamics: Implications for injury prevention. Journal of
Biomechanics, 45(4), 666—671. https://doi.org/10.1016/j.jbiomech.2011.12.011

Kumar, S. (1984). The physiological cost of three different methods of lifting in sagittal
and lateral planes. Ergonomics, 27(4), 425-433.
https://doi.org/10.1080/00140138408963506

Kumar, S. (2001). Theories of musculoskeletal injury causation. Ergonomics, 44(1), 17—
47. https://doi.org/10.1080/00140130120716

Kumar, S., & Garand, D. (1992). Static and dynamic lifting strength at different reach
distances in symmetrical and asymmetrical planes. Ergonomics, 35(7-8), 861-880.
https://doi.org/10.1080/00140139208967367

La Delfa, N. J., & Potvin, J. R. (2016). Multidirectional manual arm strength and its
relationship with resultant shoulder moment and arm posture. Ergonomics, 59(12), 1625—
1636. https://doi.org/10.1080/00140139.2016.1157628

Lamb, S. E., & Keene, D. J. (2017). Measuring physical capacity and performance in older
people. Best Practice & Research Clinical Rheumatology, 31(2), 243-254.
https://doi.org/10.1016/j.berh.2017.11.008

Larson, D. J., & Brown, S. H. M. (2023). Effects of trunk extensor muscle fatigue on
repetitive lift (re)training using an augmented tactile feedback approach. Ergonomics, 1—
16. https://doi.org/10.1080/00140139.2023.2168769

Leardini, A., Chiari, L., Croce, U. D., & Cappozzo, A. (2005). Human movement analysis
using stereophotogrammetry. Gait & Posture, 21(2), 212-225.
https://doi.org/10.1016/j.gaitpost.2004.05.002

Lee, B., & McGilll, S. (2017). The effect of core training on distal limb performance during
ballistic strike manoeuvres. Journal of Sports Sciences, 35(18), 1768-1780.
https://doi.org/10.1080/02640414.2016.1236207

Legg, H. S., Glaister, M., Cleather, D. J., & Goodwin, J. E. (2017). The effect of
weightlifting shoes on the kinetics and kinematics of the back squat. Journal of Sports
Sciences, 35(5), 508-515. https://doi.org/10.1080/02640414.2016.1175652

Lett, K. K., & McGill, S. M. (2006). Pushing and pulling: Personal mechanics influence
spine loads. Ergonomics, 49(9), 895-908. https://doi.org/10.1080/00140130600665869

Li, K., & Zhang, X. (2009). Can Relative Strength Between the Back and Knees
Differentiate Lifting Strategy? Human Factors: The Journal of the Human Factors and
Ergonomics Society, 51(6), 785-796. https://doi.org/10.1177/0018720809360801

Liebenson, C., Karpowicz, A. M., Brown, S. H. M., Howarth, S. J., & McGill, S. M. (2009).
The Active Straight Leg Raise Test and Lumbar Spine Stability. PM&R, 1(6), 530-535.
https://doi.org/10.1016/j.pmrj.2009.03.007

164



Lockie, R. G., Moreno, M. R., Orjalo, A. J., Lazar, A, Liu, T. M., Stage, A. A., Birmingham-
Babauta, S. A., Stokes, J. J., Giuliano, D. V., Risso, F. G., Davis, D. L., & Callaghan, S.
J. (2018). Relationships Between Height, Arm Length, and Leg Length on the Mechanics
of the Conventional and High-Handle Hexagonal Bar Deadlift. Journal of Strength and
Conditioning Research, 32(11), 3011-3019.
https://doi.org/10.1519/3SC.0000000000002256

Loeser, J. D., & Treede, R.-D. (2008). The Kyoto protocol of IASP Basic Pain
Terminology. Pain, 137(3), 473—-477. https://doi.org/10.1016/j.pain.2008.04.025

Looft, J. M., & Frey-Law, L. A. (2015). Modelling three-dimensional human strength
capacity: Logistic vs. polynomial surface equations. International Journal of Human
Factors Modelling and Simulation, 5(1), 5. https://doi.org/10.1504/IJHFMS.2015.068122

Loren, G. J., Shoemaker, S. D., Burkholder, T. J., Jacobson, M. D., Fridén, J., & Lieber,
R. L. (1996). Human wrist motors: Biomechanical design and application to tendon
transfers. Journal of Biomechanics, 29(3), 331-342. https://doi.org/10.1016/0021-
9290(95)00055-0

Lum, D., Haff, G. G., & Barbosa, T. M. (2020). The Relationship between Isometric Force-
Time Characteristics and Dynamic Performance: A Systematic Review. Sports, 8(5), 63.
https://doi.org/10.3390/sports8050063

MacDonell, C. W., & Keir, P. J. (2005). Interfering effects of the task demands of grip
force and mental processing on isometric shoulder strength and muscle activity.
Ergonomics, 48(15), 1749-1769. https://doi.org/10.1080/00140130500319757

Maher, C., Underwood, M., & Buchbinder, R. (2017). Non-specific low back pain. The
Lancet, 389(10070), 736—747. https://doi.org/10.1016/S0140-6736(16)30970-9

Maluf, K. S., Sahrmann, S. A., & Van Dillen, L. R. (2000). Use of a Classification System
to Guide Nonsurgical Management of a Patient With Chronic Low Back Pain. Physical
Therapy, 80(11), 1097-1111. https://doi.org/10.1093/ptj/80.11.1097

Marras, W. S. (2008). The working back: A systems view. Wiley-Interscience.

Marras, W. S. (2012). The Complex Spine: The Multidimensional System of Causal
Pathways for Low-Back Disorders. Human Factors: The Journal of the Human Factors
and Ergonomics Society, 54(6), 881-889. https://doi.org/10.1177/0018720812452129

Marras, W. S., Davis, K. G., Ferguson, S. A., Lucas, B. R., & Gupta, P. (2001). Spine
loading characteristics of patients with low back pain compared with asymptomatic
individuals. Spine, 26(23), 2566-2574. https://doi.org/10.1097/00007632-200112010-
00009

Marras, W. S., Walter, B. A., Purmessur, D., Mageswaran, P., & Wiet, M. G. (2016). The
Contribution of Biomechanical-Biological Interactions of the Spine to Low Back Pain.

165



Human Factors: The Journal of the Human Factors and Ergonomics Society, 58(7), 965—
975. https://doi.org/10.1177/0018720816657235

Martin, C. J., Jin, C., Bertke, S. J., Yiin, J. H., & Pinkerton, L. E. (2020). Increased overall
and cause-specific mortality associated with disability among workers’ compensation
claimants with low back injuries. American Journal of Industrial Medicine, 63(3), 209-217.
https://doi.org/10.1002/ajim.23083

Mawston, G., Holder, L., O’Sullivan, P., & Boocock, M. (2021). Flexed lumbar spine
postures are associated with greater strength and efficiency than lordotic postures during
a maximal lift in pain-free individuals. Gait & Posture, 86, 245-250.
https://doi.org/10.1016/j.gaitpost.2021.02.029

May, S., Littlewood, C., & Bishop, A. (2006). Reliability of procedures used in the physical
examination of non-specific low back pain: A systematic review. Australian Journal of
Physiotherapy, 52(2), 91-102. https://doi.org/10.1016/S0004-9514(06)70044-7

McGill, S. M. (1991). Electromyographic activity of the abdominal and low back
musculature during the generation of isometric and dynamic axial trunk torque:
Implications for lumbar mechanics. Journal of Orthopaedic Research, 9(1), 91-103.
https://doi.org/10.1002/jor.1100090112

McGill, S. M. (2004). Linking latest knowledge of injury mechanisms and spine function
to the prevention of low back disorders. Journal of Electromyography and Kinesiology,
14(1), 43—-47. https://doi.org/10.1016/j.jelekin.2003.09.012

McGill, S. M. (2009). Evolving ergonomics? Ergonomics, 52(1), 80-86.
https://doi.org/10.1080/00140130802480851

McGill, S. M. (2010). Core Training: Evidence Translating to Better Performance and
Injury  Prevention.  Strength &  Conditioning  Journal, 32(3), 33-46.
https://doi.org/10.1519/SSC.0b013e3181df4521

McGill, S. M. (2011). What | have learned from the great athletes. Procedia IUTAM, 2,
128-130. https://doi.org/10.1016/j.piutam.2011.04.013

McGill, S. M. (2016). Low back disorders: Evidence-based prevention and rehabilitation
(Third edition). Human Kinetics.

McGill, S. M., Chaimberg, J. D., Frost, D. M., & Fenwick, C. M. J. (2010). Evidence of a
Double Peak in Muscle Activation to Enhance Strike Speed and Force: An Example With
Elite Mixed Martial Arts Fighters. Journal of Strength and Conditioning Research, 24(2),
348-357. https://doi.org/10.1519/JSC.0b013e3181cc23d5

McGill, S. M., Grenier, S., Kavcic, N., & Cholewicki, J. (2003). Coordination of muscle
activity to assure stability of the lumbar spine. Journal of Electromyography and
Kinesiology, 13(4), 353—-359. https://doi.org/10.1016/S1050-6411(03)00043-9

166



McGill, S. M., Hughson, R. L., & Parks, K. (2000). Changes in lumbar lordosis modify the
role of the extensor muscles. Clinical Biomechanics, 15(10), 777-780.
https://doi.org/10.1016/S0268-0033(00)00037-1

McGill, S. M., Juker, D., & Kropf, P. (1996). Appropriately placed surface EMG electrodes
reflect deep muscle activity (psoas, quadratus lumborum, abdominal wall) in the lumbar
spine. Journal of Biomechanics, 29(11), 1503-1507. https://doi.org/10.1016/0021-
9290(96)84547-7

McGill, S. M., & Karpowicz, A. (2009). Exercises for Spine Stabilization: Motion/Motor
Patterns, Stability Progressions, and Clinical Technique. Archives of Physical Medicine
and Rehabilitation, 90(1), 118-126. https://doi.org/10.1016/j.apmr.2008.06.026

McGill, S. M., Karpowicz, A., Fenwick, C. M. J., & Brown, S. H. M. (2009). Exercises for
the torso performed in a standing posture: Spine and hip motion and motor patterns and
spine load. Journal of Strength and Conditioning Research, 23(2), 455-464.
https://doi.org/10.1519/JSC.0b013e3181a0227¢e

McGill, S. M., & Marshall, L. W. (2012). Kettlebell Swing, Snatch, and Bottoms-Up Carry:
Back and Hip Muscle Activation, Motion, and Low Back Loads. Journal of Strength and
Conditioning Research, 26(1), 16—27. https://doi.org/10.1519/JSC.0b013e31823a4063

McGill, S. M., McDermott, A., & Fenwick, C. M. (2009). Comparison of Different
Strongman Events: Trunk Muscle Activation and Lumbar Spine Motion, Load, and
Stiffness. Journal of Strength and Conditioning Research, 23(4), 1148-1161.
https://doi.org/10.1519/JSC.0b013e318198f8f7

McGill, S. M., & Norman, R. W. (1986). 1986 Volvo Award in Biomechanics: Partitioning
of the L4 - L5 Dynamic Moment into Disc, Ligamentous, and Muscular Components
During Lifting: Spine, 11(7), 666—678. https://doi.org/10.1097/00007632-198609000-
00004

McGill, S. M., & Norman, R. W. (1987). Effects of an anatomically detailed erector spinae
model on disc compression and shear. Journal of Biomechanics, 20(6), 591-600.
https://doi.org/10.1016/0021-9290(87)90280-6

McGill, S. M., Seguin, J., & Bennett, G. (1994). Passive stiffness of the lumbar torso in
flexion, extension, lateral bending, and axial rotation. Effect of belt wearing and breath
holding. Spine, 19(6), 696—704. https://doi.org/10.1097/00007632-199403001-00009

McPhee, M., Tucker, K. J., Wan, A., & MacDonald, D. A. (2017). Perceived task
complexity of trunk stability exercises. Musculoskeletal Science and Practice, 27, 57—-63.
https://doi.org/10.1016/j.msksp.2016.11.009

McPherson, M. N. (1996). Qualitative and quantitative analysis in sports. The American
Journal of Sports Medicine, 24(6 Suppl), S85-88.

167



Mehta, R. K., & Agnew, M. J. (2011). Effects of concurrent physical and mental demands
for a short duration static task. International Journal of Industrial Ergonomics, 41(5), 488—
493. https://doi.org/10.1016/j.ergon.2011.04.005

Melvin, M., Sylvia, M., Udo, W., Helmut, S., Paletta, J. R., & Adrian, S. (2010).
Reproducibility of Rasterstereography for Kyphotic and Lordotic Angles, Trunk Length,
and Trunk Inclination: A Reliability Study. Spine, 35(14), 1353-1358.
https://doi.org/10.1097/BRS.0b013e3181cbc157

Millikan, C. H. (1954). The problem of evaluating treatment of protruded lumbar
intervertebral disk: Observations of results of conservative and surgical treatment in 429
cases. Journal of the American Medical Association, 155(13), 1141-1143.
https://doi.org/10.1001/jama.1954.03690310019004

Mital, A., & Kumar, S. (1998). Human muscle strength definitions, measurement, and
usage: Part | — Guidelines for the practitioner. International Journal of Industrial
Ergonomics, 22(1-2), 101-121. https://doi.org/10.1016/S0169-8141(97)00070-X

Moseley, G. L. (2017). Innovative treatments for back pain. Pain, 158(1), S2-S10.
https://doi.org/10.1097/j.pain.0000000000000772

Mueller, M. J., & Maluf, K. S. (2002). Tissue Adaptation to Physical Stress: A Proposed
“Physical Stress Theory” to Guide Physical Therapist Practice, Education, and Research.
Physical Therapy, 82(4), 383-403. https://doi.org/10.1093/ptj/82.4.383

Myer, G. D., Kushner, A. M., Brent, J. L., Schoenfeld, B. J., Hugentobler, J., Lloyd, R. S.,
Vermeil, A., Chu, D. A., Harbin, J., & McGill, S. M. (2014). The Back Squat: A Proposed
Assessment of Functional Deficits and Technical Factors That Limit Performance.
Strength & Conditioning Journal, 36(6), 4-27.
https://doi.org/10.1519/SSC.0000000000000103

Nakagawa, S., Johnson, P. C. D., & Schielzeth, H. (2017). The -coefficient of
determination R 2 and intra-class correlation coefficient from generalized linear mixed-
effects models revisited and expanded. Journal of The Royal Society Interface, 14(134),
20170213. https://doi.org/10.1098/rsif.2017.0213

Nelson, N. A., & Hughes, R. E. (2009). Quantifying relationships between selected work-
related risk factors and back pain: A systematic review of objective biomechanical
measures and cost-related health outcomes. International Journal of Industrial
Ergonomics, 39(1), 202—-210. https://doi.org/10.1016/j.ergon.2008.06.003

Noorkdiv, M., Nosaka, K., & Blazevich, A. J. (2014). Neuromuscular Adaptations
Associated with Knee Joint Angle-Specific Force Change. Medicine & Science in Sports
& Exercise, 46(8), 1525-1537. https://doi.org/10.1249/MSS.0000000000000269

Norman, R., Wells, R., Neumann, P., Frank, J., Shannon, H., & Kerr, M. (1998). A
comparison of peak vs cumulative physical work exposure risk factors for the reporting of

168



low back pain in the automotive industry. Clinical Biomechanics, 13(8), 561-573.
https://doi.org/10.1016/S0268-0033(98)00020-5

Norrie, J. P., & Brown, S. H. M. (2020). Brace yourself: How abdominal bracing affects
intersegmental lumbar spine kinematics in response to sudden loading. Journal of
Electromyography and Kinesiology, 54, 102451.
https://doi.org/10.1016/j.jelekin.2020.102451

O’Sullivan, P. (2005). Diagnosis and classification of chronic low back pain disorders:
Maladaptive movement and motor control impairments as underlying mechanism. Manual
Therapy, 10(4), 242-255. https://doi.org/10.1016/j.math.2005.07.001

Parkinson, R. J., & Callaghan, J. P. (2009). The role of dynamic flexion in spine injury is
altered by increasing dynamic load magnitude. Clinical Biomechanics, 24(2), 148-154.
https://doi.org/10.1016/j.clinbiomech.2008.11.007

Patterson, C. S., Lohman, E., Asavasopon, S., Dudley, R., Gharibvand, L., & Powers, C.
M. (2022). The influence of hip flexion mobility and lumbar spine extensor strength on
lumbar spine flexion during a squat lift. Musculoskeletal Science and Practice, 58,
102501. https://doi.org/10.1016/j.msksp.2021.102501

Pinto, B. L., Beaudette, S. M., & Brown, S. H. M. (2018). Tactile cues can change
movement: An example using tape to redistribute flexion from the lumbar spine to the
hips and knees during lifting. Human Movement Science, 60, 32-39.
https://doi.org/10.1016/j.humov.2018.05.004

Pinto, B. L., & Callaghan, J. P. (2022). Effects of weighing phase duration on vertical
force-time analyses and repeatability. Sports Biomechanics, 1-11.
https://doi.org/10.1080/14763141.2022.2064763

Pinto, B. L., & Callaghan, J. P. (2023). Movement Onset Detection Methods: A
Comparison Using Force Plate Recordings. Journal of Applied Biomechanics, 39(2), 118—
123. https://doi.org/10.1123/jab.2022-0111

Pinto, B. L., & Dickerson, C. R. (2021). Vertical and horizontal barbell kinematics indicate
differences in mechanical advantage between using an arched or flat back posture in the
barbell bench press exercise. International Journal of Sports Science & Coaching,
174795412098295. https://doi.org/10.1177/1747954120982954

Pinto, B. L., Viggiani, D., & Callaghan, J. P. (2021). Exposure to Sustained Flexion
Impacts Lumbar Extensor Spinae Muscle Fiber Orientation. Journal of Applied
Biomechanics, 1-6. https://doi.org/10.1123/jab.2020-0238

Potvin, J. R., McGill, S. M., & Norman, R. W. (1991). Trunk Muscle and Lumbar Ligament
Contributions to Dynamic Lifts with Varying Degrees of Trunk Flexion. Spine, 16(9),
1099-1107. https://doi.org/10.1097/00007632-199109000-00015

169



Potvin, J. R., Norman, R. W., & McGill, S. M. (1991). Reduction in anterior shear forces
on the disc by the Iumbar musculature. Clinical Biomechanics, 6(2), 88-96.
https://doi.org/10.1016/0268-0033(91)90005-B

Rabey, M., Beales, D., Slater, H., & O’Sullivan, P. (2015). Multidimensional pain profiles
in four cases of chronic non-specific axial low back pain: An examination of the limitations
of contemporary classification systems. Manual Therapy, 20(1), 138-147.
https://doi.org/10.1016/j.math.2014.07.015

Reeves, N. P., Everding, V. Q., Cholewicki, J., & Morrisette, D. C. (2006). The effects of
trunk stiffness on postural control during unstable seated balance. Experimental Brain
Research, 174(4), 694-700. https://doi.org/10.1007/s00221-006-0516-5

Reeves, N. P., Narendra, K. S., & Cholewicki, J. (2007). Spine stability: The six blind men
and the elephant. Clinical Biomechanics, 22(3), 266-274.
https://doi.org/10.1016/j.clinbiomech.2006.11.011

Richardson, C., Jull, G., Toppenberg, R., & Comerford, M. (1992). Techniques for active
lumbar stabilisation for spinal protection: A pilot study. Australian Journal of
Physiotherapy, 38(2), 105-112. https://doi.org/10.1016/S0004-9514(14)60555-9

Saeterbakken, A. H., Stien, N., Andersen, V., Scott, S., Cumming, K. T., Behm, D. G.,
Granacher, U., & Prieske, O. (2022). The Effects of Trunk Muscle Training on Physical
Fitness and Sport-Specific Performance in Young and Adult Athletes: A Systematic
Review and Meta-Analysis. Sports Medicine. https://doi.org/10.1007/s40279-021-01637-
0

Salamon, B. A., & Midha, A. (1998). An Introduction to Mechanical Advantage in
Compliant Mechanisms. Journal of Mechanical Design, 120(2), 311-315.
https://doi.org/10.1115/1.2826974

Sanchez-Zuriaga, D., Adams, M. A., & Dolan, P. (2010). Is Activation of the Back Muscles
Impaired by Creep or Muscle Fatigue?: Spine, 35(5), 517-525.
https://doi.org/10.1097/BRS.0b013e3181b967ea

Santana, J. C., Vera-Garcia, F. J.,, & McGil, S. M. (2007). A Kinetic and
Electromyographic Comparison of the Standing Cable Press and Bench Press. The
Journal of Strength and Conditioning Research, 21(4), 1271. https://doi.org/10.1519/R-
20476.1

Savelberg, H. H. C. M., & Meijer, K. (2003). Contribution of mono- and biarticular muscles
to extending knee joint moments in runners and cyclists. Journal of Applied Physiology,
94(6), 2241-2248. https://doi.org/10.1152/japplphysiol.01001.2002

Schellenberg, F., Lindorfer, J., List, R., Taylor, W. R., & Lorenzetti, S. (2013). Kinetic and
kinematic differences between deadlifts and goodmornings. Sports Medicine,
Arthroscopy, Rehabilitation, Therapy & Technology, 5(1), 27.
https://doi.org/10.1186/2052-1847-5-27

170



Schenk, P., Klipstein, A., Spillmann, S., Strgyer, J., & Laubli, T. (2006). The role of back
muscle endurance, maximum force, balance and trunk rotation control regarding lifting
capacity. European Journal of Applied Physiology, 96(2), 146-156.
https://doi.org/10.1007/s00421-004-1262-7

Skjaerven, L. H., Kristoffersen, K., & Gard, G. (2008). An eye for movement quality: A
phenomenological study of movement quality reflecting a group of physiotherapists’
understanding of the phenomenon. Physiotherapy Theory and Practice, 24(1), 13-27.
https://doi.org/10.1080/01460860701378042

Sluka, K. A., Frey-Law, L., & Hoeger Bement, M. (2018). Exercise-induced pain and
analgesia? Underlying mechanisms and clinical translation. Pain, 159(1), S91-S97.
https://doi.org/10.1097/j.pain.0000000000001235

Smith, C. E., Nyland, J., Caudill, P., Brosky, J., & Caborn, D. N. M. (2008). Dynamic Trunk
Stabilization: A Conceptual Back Injury Prevention Program for Volleyball Athletes.
Journal of Orthopaedic & Sports Physical Therapy, 38(11), 703-720.
https://doi.org/10.2519/jospt.2008.2814

Solomonow, M. (2012). Neuromuscular manifestations of viscoelastic tissue degradation
following high and low risk repetitive lumbar flexion. Journal of Electromyography and
Kinesiology, 22(2), 155-175. https://doi.org/10.1016/}.jelekin.2011.11.008

Stanton, T., & Kawchuk, G. (2008). The Effect of Abdominal Stabilization Contractions on
Posteroanterior Spinal Stiffness: Spine, 33(6), 694-701.
https://doi.org/10.1097/BRS.0b013e318166e034

Starrett, K., & Cordoza, G. (2015). Becoming a supple leopard: The ultimate guide to
resolving pain, preventing injury, and optimizing athletic performance (2nd, revised edition
ed.). Simon & Schuster.

Steffens, D., Maher, C. G., Pereira, L. S. M., Stevens, M. L., Oliveira, V. C., Chapple, M.,
Teixeira-Salmela, L. F., & Hancock, M. J. (2016). Prevention of Low Back Pain: A
Systematic Review and Meta-analysis. JAMA Internal Medicine, 176(2), 199.
https://doi.org/10.1001/jamainternmed.2015.7431

Stockdale, A. A. (2011). Modeling three-dimensional hip and trunk peak torque as a
function of joint angle and velocity [M.S., The University of lowa]. In ProQuest
Dissertations and Theses (895939004). ProQuest Dissertations & Theses Global.
http://search.proquest.com.proxy.lib.uwaterloo.ca/dissertations-theses/modeling-three-

dimensional-hip-trunk-peak-torque/docview/895939004/se-2?accountid=14906

Straker, L. (2003). Evidence to support using squat, semi-squat and stoop techniques to
lift low-lying objects. International Journal of Industrial Ergonomics, 31(3), 149-160.
https://doi.org/10.1016/S0169-8141(02)00191-9

171



Straker, L., & Duncan, P. (2000). Psychophysical and psychological comparison of squat
and stoop lifting by young females. Australian Journal of Physiotherapy, 46(1), 27-32.
https://doi.org/10.1016/S0004-9514(14)60311-1

Straub, R. K., Barrack, A. J., Cannon, J., & Powers, C. M. (2021). Trunk Inclination During
Squatting is a Better Predictor of the Knee-Extensor Moment Than Shank Inclination.
Journal of Sport Rehabilitation, 30(6), 899—904. https://doi.org/10.1123/jsr.2020-0397

Straub, R. K., & Powers, C. M. (2024). A Biomechanical Review of the Squat Exercise:
Implications for Clinical Practice. International Journal of Sports Physical Therapy, 19(4).
https://doi.org/10.26603/001¢c.94600

Swain, C. T. V., Pan, F., Owen, P. J., Schmidt, H., & Belavy, D. L. (2020). No consensus
on causality of spine postures or physical exposure and low back pain: A systematic
review of systematic reviews. Journal of Biomechanics, 102, 109312.
https://doi.org/10.1016/j.jbiomech.2019.08.006

Swinton, P. A., Hemingway, B. S., Saunders, B., Gualano, B., & Dolan, E. (2018). A
Statistical Framework to Interpret Individual Response to Intervention: Paving the Way
for Personalized Nutrition and Exercise Prescription. Frontiers in Nutrition, 5, 41.
https://doi.org/10.3389/fnut.2018.00041

Swinton, P. A., Lloyd, R., Keogh, J. W. L., Agouris, |., & Stewart, A. D. (2012). A
Biomechanical Comparison of the Traditional Squat, Powerlifting Squat, and Box Squat.
Journal of Strength and Conditioning Research, 26(7), 1805-1816.
https://doi.org/10.1519/JSC.0b013e3182577067

Swinton, P. A., Stewart, A., Agouris, |., Keogh, J. W., & Lloyd, R. (2011). A Biomechanical
Analysis of Straight and Hexagonal Barbell Deadlifts Using Submaximal Loads. Journal
of Strength and Conditioning Research, 25(7), 2000-20009.
https://doi.org/10.1519/JSC.0b013e3181e73f87

Tagliaferri, S. D., Miller, C. T., Ford, J. J., Hahne, A. J., Main, L. C., Rantalainen, T.,
Connell, D. A., Simson, K. J., Owen, P. J., & Belavy, D. L. (2020). Randomized Trial of
General Strength and Conditioning versus Motor Control and Manual Therapy for Chronic
Low Back Pain on Physical and Self-Report Outcomes. Journal of Clinical Medicine, 9(6),
1726. https://doi.org/10.3390/jcm9061726

Tagliaferri, S. D., Mitchell, U. H., Saueressig, T., Owen, P. J., Miller, C. T., & Belavy, D.
L. (2022). Classification Approaches for Treating Low Back Pain Have Small Effects That
Are Not Clinically Meaningful: A Systematic Review With Meta-analysis. Journal of
Orthopaedic & Sports Physical Therapy, 52(2), 67-84.
https://doi.org/10.2519/jospt.2022.10761

Tan, J. C., Parnianpour, M., Nordin, M., Hofer, H., & Willems, B. (1993). Isometric
Maximal and Submaximal Trunk Extension at Different Flexed Positions in Standing:

172



Triaxial Torque Output and EMG. Spine, 18(16), 2480-2490.
https://doi.org/10.1097/00007632-199312000-00018

Tayashiki, K., Maeo, S., Usui, S., Miyamoto, N., & Kanehisa, H. (2016). Effect of
abdominal bracing training on strength and power of trunk and lower limb muscles.
European Journal of Applied Physiology, 116(9), 1703-1713.
https://doi.org/10.1007/s00421-016-3424-9

Tayashiki, K., Takai, Y., Maeo, S., & Kanehisa, H. (2015). Intra-abdominal Pressure and
Trunk Muscular Activities during Abdominal Bracing and Hollowing. International Journal
of Sports Medicine, 37(02), 134-143. https://doi.org/10.1055/s-0035-1559771

Tomescu, S. S., Bakker, R., Beach, T. A. C., & Chandrashekar, N. (2018). The Effects of
Filter Cutoff Frequency on Musculoskeletal Simulations of High-Impact Movements.
Journal of Applied Biomechanics, 34(4), 336—341. https://doi.org/10.1123/jab.2017-0145

Toussaint, H. M., van Baar, C. E., van Langen, P. P., de Looze, M. P., & van Dieén, J. H.
(1992). Coordination of the leg muscles in backlift and leglift. Journal of Biomechanics,
25(11), 1279-1289. https://doi.org/10.1016/0021-9290(92)90283-7

Van Den Tillaar, R., & Ettema, G. (2009). A Comparison of Successful and Unsuccessful
Attempts in Maximal Bench Pressing. Medicine & Science in Sports & Exercise, 41(11),
2056—-2063. https://doi.org/10.1249/MSS.0b013e3181a8c360

van Dieén, J. H., & de Looze, M. P. (1999). Sensitivity of single-equivalent trunk extensor
muscle models to anatomical and functional assumptions. Journal of Biomechanics,
32(2), 195-198. https://doi.org/10.1016/S0021-9290(98)00149-3

van Dieén, J. H., Hoozemans, M. J. M., & Toussaint, H. M. (1999). Stoop or squat: A
review of biomechanical studies on lifting technique. Clinical Biomechanics, 14(10), 685—
696. https://doi.org/10.1016/S0268-0033(99)00031-5

Van Dongen, H. P. A,, Maislin, G., & Dinges, D. F. (2004). Dealing with Inter-Individual
Differences in the Temporal Dynamics of Fatigue and Performance: Importance and
Techniques. Aviation, Space, and Environmental Medicine, 75(3), A147-A154.

van Ingen Schenau, G. J., Pratt, C. A., & Macpherson, J. M. (1994). Differential use and
control of mono- and biarticular muscles. Human Movement Science, 13(3—-4), 495-517.
https://doi.org/10.1016/0167-9457(94)90051-5

Vera-Garcia, F. J., Brown, S. H. M., Gray, J. R., & McGill, S. M. (2006). Effects of different
levels of torso coactivation on trunk muscular and kinematic responses to posteriorly
applied sudden loads. Clinical Biomechanics, 21(5), 443-455.
https://doi.org/10.1016/j.clinbiomech.2005.12.006

Vera-Garcia, F. J., Elvira, J. L. L., Brown, S. H. M., & McGill, S. M. (2007). Effects of
abdominal stabilization maneuvers on the control of spine motion and stability against

173



sudden trunk perturbations. Journal of Electromyography and Kinesiology, 17(5), 556—
567. https://doi.org/10.1016/}.jelekin.2006.07.004

Vera-Garcia, F. J., Moreside, J. M., & McGill, S. M. (2010). MVC techniques to normalize
trunk muscle EMG in healthy women. Journal of Electromyography and Kinesiology,
20(1), 10-16. https://doi.org/10.1016/j.jelekin.2009.03.010

Viggiani, D., & Callaghan, J. P. (2021). Interrelated hypoalgesia, creep, and muscle
fatigue following a repetitive trunk flexion exposure. Journal of Electromyography and
Kinesiology, 57, 102531. https://doi.org/10.1016/).jelekin.2021.102531

Viggiani, D., & Callaghan, J. P. (2022). The Effects of an Acute Maximal Seated Lumbar
Spine Flexion Exposure on Low Back Mechanical Pain Sensitivity. Journal of Applied
Biomechanics, 38(1), 12—-19. https://doi.org/10.1123/jab.2021-0238

Vila Pouca, M. C. P., Parente, M. P. L., Jorge, R. M. N., & Ashton-Miller, J. A. (2021).
Injuries in Muscle-Tendon-Bone Units: A Systematic Review Considering the Role of
Passive Tissue Fatigue. Orthopaedic Journal of Sports Medicine, 9(8),
232596712110207. https://doi.org/10.1177/23259671211020731

von Arx, M., Liechti, M., Connolly, L., Bangerter, C., Meier, M. L., & Schmid, S. (2021).
From Stoop to Squat: A Comprehensive Analysis of Lumbar Loading Among Different
Lifting Styles. Frontiers in Bioengineering and Biotechnology, 9, 769117.
https://doi.org/10.3389/fbioe.2021.769117

Vos, T., Allen, C., Arora, M., Barber, R. M., Bhutta, Z. A., Brown, A., Carter, A., Casey,
D. C., Charlson, F. J., Chen, A. Z., Coggeshall, M., Cornaby, L., Dandona, L., Dicker, D.
J., Dilegge, T., Erskine, H. E., Ferrari, A. J., Fitzmaurice, C., Fleming, T., ... Murray, C. J.
L. (2016). Global, regional, and national incidence, prevalence, and years lived with
disability for 310 diseases and injuries, 1990-2015: A systematic analysis for the Global
Burden of Disease Study 2015. The Lancet, 388(10053), 1545-1602.
https://doi.org/10.1016/S0140-6736(16)31678-6

Wai, E. K., Roffey, D. M., Bishop, P., Kwon, B. K., & Dagenais, S. (2010). Causal
assessment of occupational lifting and low back pain: Results of a systematic review. The
Spine Journal, 10(6), 554-566. https://doi.org/10.1016/j.spinee.2010.03.033

Welbergen, E., Kemper, H. C. G., Knibbe, J. J., Toussaint, H. M., & Clysen, L. (1991).
Efficiency and effectiveness of stoop and squat lifting at different frequencies.
Ergonomics, 34(5), 613—624. https://doi.org/10.1080/00140139108967340

Wells, R. P. (1981). The projection of the ground reaction force as a predictor of internal
joint moments. Bulletin of Prosthetics Research, 10-35, 15-19.

Winter, D. A. (1991). Electromyogram recording, processing, and normalization:
Procedures and considerations. Journal of Human Muscle Performance, 1, 5-15.

174



Winter, D. A. (2009). Biomechanics and motor control of human movement (4th ed).
Wiley.

Wood, L., Ogilvie, R., & Hayden, J. A. (2020). Specifying the treatment targets of exercise
interventions: Do we? British Journal of Sports Medicine, 54(20), 1235-1236.
https://doi.org/10.1136/bjsports-2020-101981

World Health Organization (Ed.). (2007). International classification of functioning,
disability and health: Children & youth version ; ICF-CY. World Health Organization.

Wu, A., March, L., Zheng, X., Huang, J., Wang, X., Zhao, J., Blyth, F. M., Smith, E.,
Buchbinder, R., & Hoy, D. (2020). Global low back pain prevalence and years lived with
disability from 1990 to 2017: Estimates from the Global Burden of Disease Study 2017.
Annals of Translational Medicine, 8(6), 299-299.
https://doi.org/10.21037/atm.2020.02.175

Wulf, G. (2013). Attentional focus and motor learning: A review of 15 years. International
Review of Sport and Exercise Psychology, 6(1), 77-104.
https://doi.org/10.1080/1750984X.2012.723728

Xiang, Y., Zaman, R., Rakshit, R., & Yang, J. (2019). Subject-specific strength percentile
determination for two-dimensional symmetric lifting considering dynamic joint strength.
Multibody System Dynamics, 46(1), 63—76. https://doi.org/10.1007/s11044-018-09661-1

Zajac, F. E. (1989). Muscle and tendon: Properties, models, scaling, and application to
biomechanics and motor control. Critical Reviews in Biomedical Engineering, 17(4), 359—
411.

Zajac, F. E., & Gordon, M. E. (1989). Determining muscle’s force and action in multi-
articular movement. Exercise and Sport Sciences Reviews, 17, 187-230.

Zajac, F. E., Neptune, R. R., & Kautz, S. A. (2002). Biomechanics and muscle
coordination of human walking: Part I: Introduction to concepts, power transfer, dynamics
and simulations. Gait & Posture, 16(3), 215-232. https://doi.org/10.1016/S0966-
6362(02)00068-1

Zaman, R., Xiang, Y., Cruz, J., & Yang, J. (2021). Three-dimensional asymmetric
maximum weight lifting prediction considering dynamic joint strength. Proceedings of the
Institution of Mechanical Engineers, Part H: Journal of Engineering in Medicine, 235(4),
437-446. https://doi.org/10.1177/0954411920987035

Zatsiorsky, V. M. (2003). Biomechanics of Strength and Strength Training. In P. V. Komi,
IOC Medical Commission, & International Federation of Sports Medicine (Eds.), Strength
and power in sport / edited by Paavo V. Komi (2nd ed, pp. 439-487). Blackwell Science.

Zwambag, D. P., Beaudette, S. M., Gregory, D. E., & Brown, S. H. M. (2019).
Distinguishing between typical and atypical motion patterns amongst healthy individuals

175



during a constrained spine flexion task. Journal of Biomechanics, 86, 89-95.
https://doi.org/10.1016/j.jbiomech.2019.01.047

Zwambag, D. P., & Brown, S. H. M. (2015). Factors to consider in identifying critical points
in lumbar spine flexion relaxation. Journal of Electromyography and Kinesiology, 25(6),
914-918. https://doi.org/10.1016/j.jelekin.2015.10.017

Zwambag, D. P., & Brown, S. H. M. (2020). Experimental validation of a novel spine model
demonstrates the large contribution of passive muscle to the flexion relaxation
phenomenon. Journal of Biomechanics, 102, 109431.
https://doi.org/10.1016/j.jbiomech.2019.109431

Zweifel, M. B., D. Vigotsky, A. D., Contreras, B., & Wycliffe W. Njororai Simiyu. (2017).
Effects of 6-week squat, deadlift, or hip thrust training program on speed, power, agility,
and strength in experienced lifters: A pilot study. Journal of Trainology, 6(1), 13-17.
https://doi.org/10.17338/trainology.6.1 13

176



