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EFFECT OF PECTORAL STATIC STRETCH INTENSITY

Abstract

Context: Static stretching (SS) is a foundational element of many preventative and
rehabilitative injury protocols that increases range of motion (ROM)), likely through improved
stretch tolerance and reduced muscle stiffness. Yet, the specific role of intensity, a modifiable
dose parameter, remains unclear as different intensities appear to improve ROM similarly, but
their effects on stiffness are inconsistent. Moreover, studies examining differing SS intensities
have exclusively been conducted on lower limb musculature, leaving gaps in our understanding
of intensity-specific effects in the upper limb. In the shoulder, shortened pectoral muscles
contribute to forward shoulder posture (FSP), a factor implicated in the development of shoulder
pathology, for which SS in commonly prescribed. However, little is known about how varying
SS intensities influence pectoral muscle stiffness, length, ROM, or FSP, both at a group and
individual level, as existing work rarely considers individual variability in responsiveness.
Objective: To address these gaps, this dissertation examined the group and individual responses
to acute pectoral static stretching at different intensities on pectoralis major and minor stiffness,
horizontal abduction ROM (haROM), pectoral muscle length (PML), and FSP in asymptomatic
individuals. Methods: In Study One, pectoral stiffness (measured via shear wave elastography),
PML, FSP, and haROM were measured before and after a 3x30 second bout of a therapist-
administered passive pectoral SS at low and moderate intensities (110% and 120% of a baseline
ROM). Study Two examined the impact of self-administered moderate and maximal pectoral SS
intensities on the same outcomes compared to a control condition (CON). Using this same
protocol, Study Three evaluated the individual response variability to moderate and maximal
pectoral SS, exploring predictors of response through baseline characteristics and rate-dependent
changes. Results: Therapist-administered low and moderate pectoral SS decreased FSP and
pectoralis minor stiffness. Patient-administered moderate and maximal intensity pectoral SS
similarly increased haROM compared to CON. There were transient changes in both PML and
FSP. PML increased over time with considerable differences between moderate and maximal SS
intensities compared to CON. FSP decreased across time, but differences between interventions
were negligible. Despite significant group-level improvements in haROM and PML, a
substantial portion of individuals were non-responders, with more participants responding to
maximal intensity. Response patterns varied across outcomes, though every participant
responded in at least one measure to one intensity. Baseline characteristics did not differ between
responders and non-responders, and a moderate rate-dependent effect was observed for haROM
at moderate intensity only. Conclusion: These findings demonstrate that SS intensity influences
the likelihood of eliciting meaningful adaptations, with higher intensity producing higher
response rates despite similar group-level gains. Importantly, responsiveness varied across ROM,
stiffness, muscle length, and posture, indicating that ROM improvements may arise from diverse,
individual-specific mechanisms rather than uniform pathways. The absence of distinct baseline
characteristics further underscores that stretching benefits cannot be assumed from initial
flexibility or muscle length alone. Collectively, this work challenges the assumption of uniform
SS efficacy, highlights the need for individualized monitoring of outcomes, and suggests that
tailoring SS intensity to individual responsiveness may optimize both preventative and
rehabilitative practice.
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Chapter 1: Introduction

Static stretching (SS) is a therapeutic tool widely implemented in clinical settings to
prevent or rehabilitate injury, or in athletic and fitness environments to aide athletic performance
and recovery'?. SS requires a muscle or group of muscles to be held in a lengthened position for
a prescribed period of time. An abundance of literature has examined the impact of SS,
consistently demonstrating its ability to enhance range of motion (ROM)*-3, yet the precise
mechanisms underlying the increase in ROM are not entirely understood*. Two main theories
have been presented in the literature: the mechanical and sensory theories®.

The mechanical theory purports that changes in various physiological properties of
muscle contributes to increasing muscle length and thus ROM, including viscoelastic
deformation, neuromuscular relaxation, and decreased stiffness®. To-date most literature defines
the passive mechanical changes that occur in response to stretching through passive torque
measurements, calculations of passive muscle-tendon unit (MTU) stiffness, and more recently,
muscle stiffness via shear wave elastography (SWE). Changes in the viscoelastic behaviour of a
muscle or group of muscles is often characterized by the passive torque exerted by the muscle
during a stretch’!°. Passive torque is then used to plot a length-tension curve, and passive MTU
stiffness is calculated as the slope of a given portion of that curve!'!2, Specific stiffness of a
muscle is more recently quantified via SWE, where the velocity of shear waves propagating
through the tissue are measured and indicative of tension or stiffness!3-15,

Alternatively, the sensory theory suggests that increases in ROM in response to stretching
are the result of altered sensation leading to greater tolerance of stretch®!6!7, especially in the

absence of mechanical alterations'® 2%, Given that increases in ROM occur both in the
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21-26 18-20

presence and absence of mechanical alterations, both theories may provide insight into
the mechanisms that contribute to increased ROM from SS*.

Three components contribute an acute SS dose: duration (i.e., time under stretch), number
of repetitions, and intensity the stretch is maintained at?’. While the American College of Sports
medicine recommends that SS consists of two to four sets of 10-30 second (s) holds?®, various
combinations of duration, repetitions, and intensities have been examined. Most often
manipulated are duration and repetitions as they are objective elements of dose prescription®,
whereas intensity is more difficult to control between participants due to its subjectivity.
Traditionally, SS intensity is prescribed based on the sensation of a stretch that may be mildly
uncomfortable but does not cause pain; however, SS literature often does not report intensity? or
inconsistently uses various methods to define intensity (e.g., point of discomfort, maximum
ROM before pain, etc), making it difficult to compare between studies®?’.

Evidence-based recommendations suggests there is no one combination of duration and
repetitions of stretching that uniformly enhances ROM?. Similarly, current evidence suggests that
high- or low- intensity SS enhances ROM equally®°. However, the existing body of literature
that investigates the impact of SS intensity is limited and has exclusively been conducted in
lower body musculature. To-date, between comparisons of high- and low-intensity SS, higher-
intensity increased ROM!223-39-34 and passive torque!?3%3!, and decreased stiffness'>*, and

33,36

lower-intensity increased passive torque® and stiffness**-¢, while both intensities equally

32,40

increased ROM?>*! and passive torque>*’, and decreased stiffness®?. Considering that stretching

at a higher intensity causes greater discomfort®®, increases stress on the MTU*? and triggers an

43,44

inflammatory response***, stretching at a reduced intensity may be more advantageous if the

outcome effects are negligibly different than those of high-intensity SS.

12
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These gaps highlight the need to consider how SS intensity may influence regions beyond
the lower limb. Particularly, SS is commonly applied in the shoulder, yet it’s impact remains
largely unexplored. The shoulder complex consists of four joints: three synovial
(sternoclavicular, acromioclavicular, and glenohumeral) and one “false” (scapulothoracic) that
together connect the upper extremity to the trunk via boney articulations or muscular
attachments, respectively*. Together, these joints allow for more freedom of movement than any
other joint, which is imperative to performing a variety of activities and functions required for
daily living. This flexibility means that the shoulder relies primarily on dynamic stabilization of
the surrounding musculature, which unfortunately sacrifices its stability, leaving it highly

4647 The delicate balance and relative contributions of the various

susceptible to pathology
muscle groups surrounding the shoulder influences its position and movement, and aberrant
shoulder posture and motion increases the risk of developing shoulder pathology*$->3.

One such posture is forward shoulder posture (FSP), which is characterized by shortened
pectorals causing anterior deviation and abduction of the scapula®**. The pectoral muscle group
consists of pectoralis major, a large fan-shaped muscle attaching from the clavicle and sternum to
the proximal humerus, and pectoralis minor, a smaller triangular-shaped muscle attaching from
the sternocostal cartilages of ribs 3-5 to the coracoid process on the scapula. Given these
attachments, when adaptively shortened, the pectorals protract the scapula and humerus
anteriorly, contributing to a FSP>¢. Specifically, FSP is strongly negatively correlated to
pectoralis minor resting length>*. This forward shoulder position alters the movement or

3336 and may lead to the development of shoulder pathologies*3. As

kinematics of the scapula
such, strategies aimed at lengthening the pectorals to optimize FSP are vital to rehabilitating or

preventing shoulder pathology.

13
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Pectoral SS is a commonly implemented strategy to elongate the pectorals, reduce FSP,
and prevent or rehabilitate shoulder injuries. Interestingly, little research has evaluated the impact
of a single acute pectoral SS, as literature to-date has employed combination therapies (e.g., SS

)57,58

and exercise or massage or multi-week protocols*®->*-!, To-date, one research group has

examined the effectiveness of various pectoral stretch positions on pectoralis minor elongation®,
and the impact pectoral SS has on pectoralis minor stiffness and scapular kinematics®>53,
Umehara and colleagues determined that horizontal abduction at 90° and 150° of arm elevation
effectively lengthens pectoralis minor™’, and as little as one set of 30s of pectoral SS at maximum
tolerable range without pain effectively decreased pectoralis minor stiffness®. Pectoral SS for a
cumulative 5-minutes increased scapular external rotation and posterior tilt®2. Despite these
findings, Umehara et al. did not measure changes in any other variable such as ROM or
pectoralis major stiffness. As such, the impact that acute pectoral SS has on FSP, pectoralis minor
length, range of motion, and pectoralis major stiffness remains unknown, and if stretching the
pectorals at different intensities would impact these outcomes differently. Thus, one of the
primary objectives of this work was to examine the group effects of pectoral SS at differing
intensities.

Effective clinical practice is guided by research evidence and tailored to the individual;
however, traditional analyses typically focus on group-level effects. Although these analyses
indicate that SS generally increases ROM, evidence shows that a considerable proportion of
individuals do not respond to SS%. Advancing toward individualized exercise prescription
therefore requires examining how SS influences response rates, whether intensity affects the

likelihood of response, and what factors influence responsiveness. Accordingly, a secondary

14
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purpose of this work was to investigate inter-individual variability in response to pectoral SS at
differing intensities.

This dissertation is organized into several chapters that progress from a review of the
literature, through three manuscripts examining the effects of pectoral SS intensity, to a final
discussion and conclusion. Chapter 2 reviews the relevant literature. Chapter 3 presents the first
manuscript, which examines the effects of low and moderate intensity therapist-administered
pectoral static stretch on changes in pectoral stiffness, pectoral muscle length, horizontal
abduction range of motion, and forward shoulder posture. Chapter 4 presents the second
manuscript, which investigates the effects of a moderate and maximal intensity self-administered
pectoral static stretch on the same outcome variables as Chapter 3, relative to a control condition.
This chapter also explores the relationship between changes in participant-reported stretch
intensities during stretching and pre-post changes in the same variables, as well as the magnitude
of elongation of pectoralis major and minor during moderate and maximal stretch intensities.
Chapter 5 presents the third manuscript, which examines individual responses to moderate and
maximal pectoral stretching, including baseline differences between responders and non-
responders, and the influence of baseline values on the magnitude and direction of change (i.e.,
rate-dependent effects). Chapter 6 discusses the findings of the dissertation, including

limitations, and Chapter 7 provides a general conclusion.
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Chapter 2: Review of the Literature

This doctoral dissertation examined the group- and individual-level responses to different
intensities of acute pectoral static stretching (SS). As such, it is necessary to review the relevant
literature pertaining to the effects of SS, including the mechanisms that lead to increased range of
motion, and current evidence for implementing various intensities of SS. The following chapter
will discuss skeletal muscle structure and the properties it contains that contribute to altered
length, what SS is, the documented effects both broadly and in terms of varying SS intensities,
and the current literature for pectoral SS. The chapters following the literature review contain
manuscripts with methods aimed at delineating group and individual responses to different

intensities of pectoral SS.

Muscle Tone

Resting muscle tone is a muscle’s state of mechanical tension in the absence of
contractile activity®>¢. Both active and passive factors contribute to a muscle’s tone. The active
factor is considered neurological stimuli, and its contribution to resting muscle tone is frequently
quantified by electromyography (EMG) while relaxed (i.e., baseline EMG)®’. While the
physiology responsible for the neurological input to a muscle that dictates its tone is complex
and includes spinal and supraspinal (i.e., central nervous system) mechanisms®’, review of these
mechanisms is beyond the scope of this work (for more information, see Ganguly et al., 2021¢7).
On the other hand, passive factors involve the viscoelastic properties of skeletal muscle,
including stiffness (i.e., the passive resistance to deformation), which contribute to resting
muscle tone®®. Stiffness is the relationship between stress (i.e., force) applied and strain (i.e.,
deformation), and is thus the passive resistance to deformation!4.Viscoelasticity is the ability of a

structure to resume its original length upon removal of a tensile force®; in muscles, it is the
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ability for the muscle to return to resting length upon termination of a stretch. It is these
viscoelastic properties that stabilize posture when high levels of mechanical stability are not
required (e.g., at rest or during low-energy activity such as computer work)®.

A muscle that is hypertonic (i.e., has an increased resting muscle tone) is shorter in length
and emits increased passive force on its bony attachments or surrounding joints, which may lead
to decreased ROM, altered postures or movement patterns®. Several muscles in the human body
are predisposed to increased muscle tone due to their role in maintaining an upright posture,
including the pectorals®®. When shortened, the pectorals increase forward shoulder posture
(FSP)>*+%5, which alters the position and kinematics of the scapula® that contribute to shoulder
pathology**-33. Thus, decreasing tonicity of the pectorals is crucial for preventing or

rehabilitating shoulder injuries.

Skeletal Muscle Structure

Muscles contain a highly organized arrangement of muscle cells and connective tissue
called the endo-, peri-, and epimysium, also known as fascia or myofascia’. Endomysium
surrounds individual muscle fibres that, when bundled together, are called fascicles, and are
surrounded by perimysium. Several fascicles are encased in an outer connective tissue
epimysium. The three levels of myofascia fuse together at either end of the muscle to form
tendons that connect to bones to facilitate movement. Individual muscle fibres are composed of
bundles of striated myofibrils that are the most basic functional contractile units of muscle
contraction. Along each myofibril are serial sarcomeres that contain the myofilaments actin and
myosin, which bind together to form a cross-bridge when stimulated by a motor nerve’"-72,

Cyclical cross-bridge formation produces a mechanical shortening of the muscle, and these are

considered active mechanisms that contribute to a muscle’s tone.

17



EFFECT OF PECTORAL STATIC STRETCH INTENSITY

Muscle Viscoelasticity

The ability for skeletal muscle to deform under force and return to its original shape once
the force is removed is due to its viscoelastic structure with both elastic and viscous properties’.
Elastic properties of muscle pertain to its ability to return to its original length after deformation
or stretch, and changes in length are directly proportional to the force applied. Alternatively,
viscous properties reflect the energy dissipation or resistance to deformation over time when
lengthened’?. Creep, stress relaxation, and hysteresis are all viscous properties of skeletal
muscle” " (Figure 1).

Creep is the deformation that occurs under a fixed stress or load (Figure 1A). In SS
research, creep is measured during a stretch using a dynamometer by measuring the amount of
torque applied to the dynamometer by the limb being stretched (i.e., resistive torque). The
dynamometer applies a constant torque to stretch the muscle for some period of time, and
resistive torque of the stretched muscle is measured’. For example, Ryan et al. (2010) found that
applying constant torque stretch continually increased dorsiflexion ROM throughout a 30s
stretch, with the majority of change happening in the first 15-20s7.

Stress relaxation is the gradual decrease in stress or force of a muscle that is held at a
constant length while stretching (Figure 1B)’*. In SS research, it is measured similarly to creep,
except the angle applied to the stretch is maintained throughout, thus keeping the stretch at a
constant angle rather than a constant torque. For example, while a constant torque stretch would
continue altering the angle of the stretched limb to maintain the resistive force of the limb,
constant angle would maintain the same limb angle throughout the stretch regardless of changes

in resistive force. This concept was first demonstrated in human skeletal muscle by McHugh et
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al. (1992), where the application of a hamstring SS at maximal ROM for 45s elicited a decrease
in the required force to keep the leg at the stretch angle™.

Hysteresis is the dissipation of energy between loading and unloading a muscle and is
measured via ultrasonography’®. From a relaxed state, participants will slowly increase and
decrease torque development, and the displacement of the myotendinous junction is measured
via ultrasound’®. Stress (i.e., force produced) and strain (i.e., displacement) are graphed (Figure
1C) during loading (i.e., increasing force) and unloading (i.e., decreasing force), and the

difference between the two phases is the energy loss during mechanical deformation.

A. Creep B. Stress Relaxation C. Hysteresis

Strain
Stress
Stress

Time Time Strain

Figure 1: Graphical Representations of Muscle Viscoelastic Properties Creep, Stress
Relaxation, and Hysteresis

The relationship between a muscle’s length and the associated tension (also called the
stress-strain relationship) can either be active, where a muscle’s capacity for force production
during contraction is dependent on its length, or passive’’. The passive length-tension
relationship exists between the length and passive mechanical/viscoelastic properties of the
muscle in the absence of muscle contraction”’. As a muscle is lengthened from a resting position,

the shortest length at which passive tension is sustained and fascicles begin to lengthen is called
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slack length”’. The slack length for various muscles differs. For example, the gastrocnemius
slack length is ~40% of its physiological ROM while vastus lateralis slack length is around 10-
25% of its ROM”’. Alternatively, slack length may differ within muscles with varying fiber
orientations. For example, the pectoralis major has several regions based on fiber orientation, and
the mean slack length during shoulder abduction was around 43° for the sternocostal region and
62° for the abdominal region’®,

Passive Tension Measurement Techniques

As a stretch is applied and muscle length increases, passive tension nonlinearly
increases!®. The degree of passive tension at various muscle lengths can be determined by a few
different methods, such as B-mode ultrasound combined with dynamometry, other
ultrasonography elastography techniques such as strain or shear wave, and myotonometry'>.
Ultrasonography elastography techniques create stress to the soft tissue (i.e., physical
compression or shear wave), which allows the resulting distortion and mechanical properties to
be mapped”.

The use of B-mode ultrasonography coupled with a dynamometer quantifies joint torques
produced at various angles or fascicle lengths, thus allowing for the examination of length-
tension curves of specific muscles or muscle groups!. Strain elastography requires application of
manual compression to the tissue via the transducer/probe and stiffness is determined from the
resulting deformation®. However, significant challenges exist with strain elastography, such as
poor repeatability and significant variation between operators and application techniques!'#!.
Alternatively, shear wave elastography measures the propagation speed of shear waves through
soft tissues that are generated by a probe, and is less operator-dependent than strain

elastography!'#. Myotonometry, used most frequently in clinical environments, quantifies
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stiffness and other tissue properties by applying a short mechanical oscillation to the tissue and
measures the resulting motion of the tissue!®. However, myotonometry use is limited to

superficial structures only, and increased levels of subcutaneous fat may impede its accuracy®'.

Static Stretching

Static stretching (SS) is the most common type of stretching®? that is frequently used in
athletic or fitness recovery environments and clinical or rehabilitative settings!. SS deliberately
elongates a muscle or group of muscles, thereby increasing the range of motion (ROM) of a
joint®3, Typically, SS is performed as a controlled, continuous movement that lengthens the
target muscle(s) past its resting length until a stretch is felt, and can be conducted passively or
actively®?. Passive SS uses external forces, where a joint is moved to the end range of motion by

gravity, a partner, or stretching aids*#

, where active SS requires the patient to apply the
stretch®2. This position is then held for some prescribed period of time*3* and repeated as
necessary®?. This duration of stretch, the number of sets completed, and/or intensity of the stretch
are all modifiable factors that are used to prescribe the dose of the SS.

While SS has long been a topic of debate in research and in clinical practice, it is
frequently used as part of a warmup/cool down routine, in musculoskeletal rehabilitation, to
improve physical performance or general physical function?. The positive impact SS has on
increasing ROM is well documented in the literature’—>. However, acute performance
impairments following SS*2, alongside queries of lasting effects®>3, have left researchers and
practitioners questioning the practical impact and effectiveness of SS. Increased ROM sought

from SS is purported to decrease injury risk and incidence®’, as limitations in flexibility and

ROM may predispose individuals to injury®®. Indeed, current evidence demonstrates that
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incorporating SS in pre-exercise warmup does have a moderate effect in mitigating injuries?

when performed for under 60s.

Static Stretching Effects

Many acute and chronic effects of SS have been noted in the literature. In the remainder
of the document, acute effects will refer to effects from a single bout or session of stretching, and
chronic effects will refer to those observed following repeated SS sessions, usually taking place
over the span of a few weeks. This review will focus on acute SS effects as the current work
examined the acute effects of SS.

While the American College of Sports Medicine®® considers SS an essential component
of the cool-down phase to assist with recovery by increasing ROM, reducing stiffness and
delayed onset muscle soreness (DOMS)?, a recent systematic review found that stretching was
no more effective at returning strength levels or reducing DOMS than passive rest or alternative
recovery modalities’!. Interestingly, the authors note that despite how commonly stretching is
prescribed post-exercise to enhance recovery, the diversity of protocols within the limited sample
of articles led to insufficient data to systematically review and meta-analyze for the effects on
ROM®!. Interestingly, previous systematic reviews indicate that post-exercise stretching does
not affect DOMS®%%3,

One of the most documented acute effects of stretching is increasing ROM?>>-86,
regardless of stretch type (static, proprioceptive neuromuscular facilitation, dynamic, ballistic),
dosing parameters (e.g., duration and intensity), activity level/trained state, age, or sex®. While
SS for as little as 5s increases ROM, longer duration SS leads to more significant increases”.
However, a recent systematic review revealed that no single SS duration provides a significant

advantage to increasing ROM?. Interestingly, it is important to note that a majority of SS
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intervention research has been conducted on lower limb musculature (e.g., hamstrings, triceps
surae, quadriceps, hip adductors)’, with comparably fewer investigations exploring the effect of
SS on upper body muscles. Given that different muscles respond differently to SS*4, it is
necessary to delineate the impact of SS on various muscle groups. A joint’s passive ROM is
dependent on several structures, such as muscle fascicles, tendons, aponeurosis, joint capsules,
and ligaments®. Additionally, a muscle’s resistance to stretch is also caused by tonic reflex
activity, or neural input”®®’. As such, two primary theories exist to account for changes in ROM

from SS: mechanical and sensory theories®.
Mechanical Theory

According to Weppler and Magnusson (2010)%, muscle length is multidimensional and
changes in any one of the dimensions may lead to alterations in a given muscle’s length. Muscle
extensibility, tension, cross-sectional area, and time all have associated biomechanical properties
that contribute to muscle length (Figure 2). In the SS literature, the viscoelastic adaptations that
contribute to increased ROM from a given stretch are often quantified through alterations in
passive torque, neuromuscular characteristics, muscle-tendon unit (MTU) stiffness, or shear
wave elastography (SWE). Passive torque and neuromuscular characteristics are often used as
surrogates for changes in muscle tone. Specifically, passive torque quantifies the passive tension
(i.e., viscoelastic properties) of a muscle or group of muscles generated at a given angle or
ROM, Thus, changes in passive torque are indicative of changes in the viscoelastic properties
of the muscle. Alternatively, neuromuscular characteristics such as the quantification of muscle
excitation using EMG are used to define the contractile-related mechanisms that contribute to
changes in muscle tone 4>, Passive MTU stiffness and SWE measure changes in muscle

stiffness following stretching. Given that stiffness is the relationship between stress and strain or
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length and tension'?, passive MTU stiffness uses a plotted length-tension curve to calculate the
slope of the relationship to reveal changes in viscoelastic stiffness!!. Whereas SWE applies a
stress (i.e., shear waves) and measures the displacement or velocity of the shear waves (i.e.,
strain)’®, where faster velocity indicates higher stiffness®®,.

Neuromuscular responses to SS have been widely studied in the SS literature. Tonic
reflex activity is commonly measured via several reflexes: the Hoffman (H), tendon (T), or
exteroceptive (E) reflexes. The H- and E-reflexes are differentiated by the electrical stimuli
applied: the H-reflex to the proximal nerve (i.e., la afferent nerve) while the E-reflex is obtained
by stimuli of the sensory receptors in the skin®®. The T-reflex is stimulated via percussion of the
tendon, where Ia afferent neurons are stimulated in the muscle spindle®. The H- and T reflexes
examine the spinal reflex arc that includes both presynaptic (i.e., la afferent neuron) and
postsynaptic (i.e., efferent neuron or motor excitability) pathways, while the E reflex examines
only postsynaptic inhibitory mechanisms. The T reflex is additionally moderated by the
sensitivity and contribution of the muscle spindles to any neurological changes in a stretch®.

During SS, spinal reflex excitability is decreased, identified by a decrease in the H reflex
amplitude®1%. This presynaptic inhibition of Ia afferents weakens the release of
neurotransmitters to the motor neurons, thus reducing the reflex arc through decreased
excitability of the motor neurons®. The decrease in T or E reflexes largely depends on the
amplitude (i.e., intensity) of the stretch; small-amplitude stretches cause little to no change in T
or E reflexes, while large-amplitude cause a decrease, demonstrating postsynaptic inhibitory
mechanisms®. As such, purposeful, slow stretching inhibits the stretch reflex, allowing for
increased range of motion of the muscle. However, these reflexes return to baseline upon

termination of the stretch®>.
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Static Stretching Induced
Increases in Range of Motion
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Figure 2. Biomechanical mechanisms leading to changes in range of motion of a muscle.
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SS is proposed to alter several neural mechanisms, such as muscle excitation amplitude
and corticospinal excitability/inhibition; however, evidence is contentious*>. While a recent
meta-analysis suggests there are no significant acute neural changes resulting from SS%, another
review has found SS likely alters the amplitude and duration of the muscle action potential wave

(M-wave) and E reflexes, though evidence is inconsistent*?

. The sensory receptors in the skin
initiate E reflex inhibition, which contribute to sympathetic inhibition and promote muscle
relaxation, though evidence suggests E-reflex inhibition may only occur during large-amplitude
stretches and cease upon termination of the stretch*?. Given that the current work is not
evaluating neuromuscular changes, further review is outside the scope of this literature review.

Often called peak torque or peak passive torque, passive torque and ROM are measured
simultaneously where a dynamometer moves participants through a ROM. Depending on the
protocol, ROM is typically stopped when the participant first reports a stretch sensation'!, point
of discomfort (POD)32:33:36-38:4041 " or maximal stretch prior to onset of pain'?2%3!, At this point,
the passive torque produced by the stretched muscle is measured by the dynamometer. While this
measurement is used in-part to calculate MTU stiffness (discussed next), studies have often used
it to evaluate the impact of stretching on passive muscle properties, and to quantify stretch
tolerance® 10,

MTU stiffness, sometimes referred to as passive stiffness, is the relationship between
passive torque and passive ROM and represents the viscoelasticity of the MTU!!, Torque and
ROM are plotted on a graph which creates a curve (N.m/°), and muscle-tendon stiffness is
considered the slope of part of the curve!"!2, Previous methods calculate the final 1/3 of the

curve!3, from 50% of the maximal ROM angle achieved!>!740, between certain angles (e.g.,

between 15 and 25° of dorsiflexion)*.
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While SS effectively decreases MTU stiffness*!°1:192 and passive torque!®>!1%4, there are a
couple limitations in using these methods to capture changes in passive muscle properties. First,
the use of a dynamometer limits the muscle/muscle groups/range of motion that can be tested
given its setup. Secondly, the contribution of various tissue including multiple muscles, tendons,
and connective tissue (e.g., fascia) is difficult to delineate!%. As such, changes in torque may not
be muscle specific and may be a result of changes in one or more muscles, tendon or connective
tissue stiffness, or a combination of the three.

SWE is a relatively new technique that can accurately quantify tension of specific soft-
tissues!'%. An ultrasound coupled with a transducer is placed on the skin overlaying the soft
tissue being measured. The SWE produces an adjustable region of interest (ROI) that can be
placed over the target tissue that generates a colour-coded map of stiffness. The transducer
generates a pulse into the targeted tissue, creating a ripple effect of shear waves through the
tissue, where propagation speed of is subsequently measured to determine velocity of shear
waves (SWV; m/s)!3.

Stretching research has begun to incorporate SWE to quantify stiffness of specific
muscles. Compared to MTU stiffness described above, SWE allows for greater specificity, as
one structure can be measured at one time. Moreover, SWE does not pose the structural barriers
that exist with dynamometry; as such, the mechanical response to SS of individual muscles or
tissues anywhere in the body can be defined. One study has compared changes in passive torque
and SWE in response to an eccentric training protocol, finding that SWV increased after exercise
while passive torque did not, with no correlations between the two'?’. The authors concluded that
these two methods of stiffness quantification have limited agreement, may be angle specific, and

that SWV may be more sensitive to changes in stiffness compared to passive torque/MTU

27



EFFECT OF PECTORAL STATIC STRETCH INTENSITY

stiffness. However, there are limitations to the use of SWE. First, the anisotropic nature of
muscle architecture allows shear waves to travel faster when parallel to muscle fibres/fascicles as
opposed to perpendicular to them!4. Thus, SWV is sensitive to the orientation of the probe in
reference to the muscle fibres, and slightly different probe locations may impact SWV. Secondly,
the anatomy of specific muscles may impact the effectiveness of SWE, as “multi-orientation”
fibers such as multipennate or fusiform fiber orientations may not allow for true parallel
orientation of the fibers with the probe!#. Third, shear waves attenuate greater in deeper
structures, and thus superficial tissues such as other muscles or greater amounts of adipose tissue
may impact its usability in deeper soft tissue!“. Lastly, as elastograms can only be measured in
one specific area of a muscle at one time, changes in stiffness are specific to that location and
cannot infer to stiffness changes along the entire length and/or depth of the muscle.

To date, SWE has determined that one-minute of SS reduces iliacus stiffness!?®, 20-
seconds of SS reduces infraspinatus stiffness!??, 5x1-minute and 5x30-seconds of stretching

110,111, and

(total 5-minutes and 2-minutes, respectively) decreases stiffness in the hamstrings
4x30-seconds (total 2-minutes) and 5x1-minute (total 5-minutes) of SS decreases stiffness in the
gastrocnemius!!'2113, Collectively, recent systematic reviews state acute SS effectively decreases

passive stiffness of the MTU or individual muscles in younger and older populations®®-10%-114,

Sensory Theory

It is theorized that changes in ROM from SS are due at least in part to increasing the
individual’s tolerance to stretch sensation*®’, or the ability to tolerate increased stress.
Traditionally, increased passive torque at maximal ROM angles would indicate increased stretch
tolerance’, but it may also be indicated from increased ROM in the absence of viscoelastic

changes. A few decades ago, researchers discovered that increased ROM induced by SS may not
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be due to increased muscle length!®2°, The plotting of ROM and the associated passive torque
produces a length-tension curve, which is used to calculate MTU stiffness. Theoretically, if SS
increased muscle length as predicted, the entire length-tension curve would shift to the right
(Figure 3) indicating longer muscle lengths for a given passive torque or tension®. However,
researchers found that instead of shifting the curve to the right, ROM and passive torque
increased only at end-range!®-2°, This indicated that the length of the muscle did not change, and
the achievement of greater ROM was attributed to alterations in participant perception of
sensation at end ROM.

@ Shortened muscle

M Lengthened muscle

Tension

Length

Figure 3. Shifting of length-tension curve with increased muscle length.
Adapted from Weppler & Magnusson®

Indeed, the right shift of the torque-angle curve following SS has been contentious in the

literature. While some literature has found SS does not shift the torque-angle curve!$-2°

, others
have found that a shift does occur after SS?!-2¢ demonstrating mechanical changes occurred to
induce muscle lengthening. Moreover, the literature has demonstrated that these changes in
neural and mechanical factors result in deficits in strength. For example, one of the most cited
studies demonstrated a 28% decrease in strength following 30-minutes of passive stretching, and

9% of the decrements persisted at least 1-hour post-stretching!!®. Similar findings have been

demonstrated in 10-26 and 20-minute?? stretching protocols. Muscle excitation concomitantly
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decreased following 10- and 30-minutes of stretching, suggesting neural alterations contribute to
decrements in strength!!>, In research implementing stretch protocols that are shorter and more
representative of common stretching prescription, strength deficits are also reported, but are
reversed after 10-minutes!!S. These deficits occur concurrently with increases in ROM, with
ROM also returning to baseline within 10-minutes'!¢. Interestingly, these changes in strength and
ROM occurred without any changes in EMG amplitude!!'®. Additionally, a systematic review
demonstrated an acute SS increases ROM and maximal passive resisted torque (i.e., stretch
tolerance) and decreases passive resisted torque, strength, and stiffness of the motor unit, muscle,
and tendon, but does not change neural responses®. The discrepancy in the literature
demonstrates the complex, multifactorial contributions to changes in ROM following SS, and
thus, SS research should consider both mechanical and sensory mechanisms that contribute to

increasing ROM.

Static Stretch Dose

Single session SS prescription includes several dose parameters that, when altered, may
alter the benefits or effects derived. These include duration (i.e., time under stretch), repetitions,
and intensity of stretch. Duration and repetitions are most frequently manipulated in the literature
as they are modifiable and quantitative?®. While as little as 5 seconds of SS increases in ROM?,
the American College of Sports Medicine (ACSM) recommends SS be repeated for two to four
sets of 10-30s held at the point of tightness or slight discomfort reaching a cumulative 60s per
muscle group?®. Interestingly, SS intensity is often neglected, and a 2015 review found that only

79 of the 152 (51%) articles referenced SS intensity®.
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Intensity

Intensity is a dose factor that may contribute to altered response to SS, although it is
infrequently manipulated due to the inherent subjectivity of patient’s perception of stretch
intensity. Although this proves difficult to regulate between participants, intensity may influence
tissue response. For example, SS intensity that is too low may not initiate a tissue response that
will increase ROM, but may potentially decrease the risk of sprains and strains'!’. Moreover,

higher intensity stretching may cause discomfort?’, places considerable stress on the

42 43,44

myotendinous unit**, and induces an acute inflammatory response

Objectively, SS intensity is the amount of force applied during stretching?, while
subjectively, it’s the perceived intensity, or tolerance of stretch, by the individual. Though force

or torque can be measured during stretching, it is not used to prescribe the intensity. Rather,

intensity is moderated through various descriptive terms (e.g., discomfort or pain)?® and methods

such as point of discomfort (POD)32:33-36-384041 "15int of pain (POP)?’, maximum tolerable
stretch/torque (MTS) immediately before pain!%3*3!, and numerical rating scales (NRS)*°.
Variation in SS intensity is then prescribed as some percentage of these (e.g., 80% POD).
However, the discrepancies in the way researchers prescribe intensity presents great challenges
in comparing outcomes.

Several studies have examined the acute impact of different SS intensities in the

12,25,30-32,35,37-40 33,36

hamstrings quadriceps®*3, and calves’*34. Collectively, all studies observed

increases in ROM, though the effect of SS intensity in contentious as nearly half found higher

intensity increased ROM greater than lower intensity'>2>3%-34 and half found no difference

12,30,31

between intensities®>>*!. Additionally, high intensity SS increased passive torque and

12,34

decreased stiffness'~>* compared to low intensity SS, while both high and low intensity increased
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passive torque®>#, decreased stiffness®2, and lower intensities increased passive torque® and

stiffness33-3

compared to higher intensities (Table 1).

In the hamstrings, a high intensity SS held at maximum tolerable stretch (MTS) and
incrementally increased every 90s until they were unable to increase anymore (mean duration of
244s) increased ROM and passive torque compared to a low-intensity (50% of MTS x 900s)
which did not observe changes in either outcome?!. A second study by the same research group
compared a high intensity (100% MTS, 5x90s), moderate intensity (75% MTS, 5x135s), and low
intensity hamstring SS (50% MTS, 5x180s), finding that the high-intensity increased ROM and
passive torque, while low and moderate intensity observed no changes®’. Fukaya et al., (2020)
compared a high (120% POD x100s) to a low intensity (50% POD x 240s) calf SS, finding that
both SS intensities increased dorsiflexion ROM and passive torque and decreased stiffness,
though greater changes in ROM and stiffness was observed with the high intensity SS2.
Marchetti et al., (2022) found equal increases in hamstring ROM following a high (85%
maximum imaginable POD 3x40s) and low intensity SS (50% maximum imaginable POD

6x40s)*8. However, it is important to note that the above mentioned studies’*-323* alter both

intensity and SS duration, making it challenging to delineate the effects of SS intensity alone.
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Table 1. Summary of Studies Comparing Different Static Stretch Intensities.

tolerable range for 5x90s

Moderate intensity: 75% of maximum
tolerable range for 5x135s

Low intensity: 50% of maximum
tolerable range for 5x180s

Authors Muscle/Muscle SS Protocol Results
Group
Kataura et al. (2017)!? | Hamstrings High intensity: 120% of maximum High and moderate intensity SS
tolerable intensity increased ROM and passive torque, and
decreased passive stiffness and
Moderate intensity: 100% of maximum | isometric force
tolerable intensity
Low intensity SS: increased static
Low intensity: 80% of maximum passive torque during SS.
tolerable intensity
x180s
Takeuchi and Hamstrings High intensity: maximum point of High and moderate intensity SS
Nakamura (2020)% discomfort increased ROM; high intensity resulted
in largest change in ROM.
Moderate intensity: 120% point of
discomfort
Low intensity: point of discomfort
x20s
Freitas et a. (2015)%° Hamstrings High intensity: 100% of maximum High intensity SS increased ROM and

passive torque.

Low and moderate intensity SS did not
change ROM or passive torque.
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Freitas et al. (2015)3!

Hamstrings

High intensity: 100% maximum
tolerable range for 90s repeated until
couldn’t increase anymore (mean =
243.5s)

Low intensity: 50% of maximum
tolerable range for 900s

High intensity SS increased ROM and
passive torque.

Low intensity SS did not alter ROM or
torque.

Fukaya et al. (2020)3?

Triceps surae

High intensity: 120% point of
discomfort x 100s

Low intensity: 50% point of discomfort
x 240s

High and low intensity increased ROM
increased passive torque, and decreased
stiffness.

High intensity increased ROM
significantly more than low intensity.

Nakamura et al.
(2021)*

Quadriceps

High intensity: 120% point of
discomfort

Moderate intensity: 100% of point of
discomfort

Low intensity: 80% of point of
discomfort

3x60s

High and moderate intensity SS
increased ROM.

Moderate intensity decreased stiffness.

Oba et al. 20213

Triceps surae

High intensity: 100% maximum passive
resisted torque

Moderate intensity: 75% maximum
passive resisted torque

High intensity increased ROM and
decreased MTU stiffness.

No differences between moderate and
low intensity SS and control.
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Low intensity: 50% maximum passive
resisted torque

Control: no stretching

Constant torque, 5x60s

Low intensity: point of discomfort

8x30s

Melo et al. (2021)% Hamstrings High intensity: Stretching at pain level. | High-, moderate-, and low-intensity all
increased ROM.
Moderate intensity: Stretching at a mild
discomfort. Moderate intensity increased passive
torque.
Low intensity: Stretching at a
comfortable level.
Control: no stretching
x30s
Takeuchi et al. Quadriceps 2 part study: High intensity increased ROM after
(2021)% both durations. Low intensity increased
Part 1: 3x20s or 3x60s at 120% of ROM. There were no differences
maximal ROM (high intensity) between either high intensity SS and the
low intensity SS.
Part 2: 3x60s at 110% of maximal ROM
(low intensity) Stiffness decreased only after the low
intensity SS.
Munjai et al. (2017)*7 | Hamstrings High intensity: point of pain High and low intensity SS increased

ROM
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Marchetti et al. Hamstrings High intensity: 85% of point of Both intensities increased ROM.
(2022)% discomfort 3x40s
High intensity decreased peak isometric
Low intensity: 50% of point of force.
discomfort 6x40s
Santos et al. (2020)*° | Hamstrings High intensity: 9-10 on numerical rating | High and low intensity SS increased
scale ROM.
Low intensity: 1-2 on numerical rating | No differences in stiffness or
scale viscoelastic stress relaxation.
3x60s
Takeuchi et al. Hamstrings High intensity: 120% point of High and low intensity increased ROM
(2021)* discomfort and passive torque.
Low intensity: 100% point of High intensity decreased stiffness.
discomfort
2x30s
Takeuchi et al. Hamstrings High intensity: 120% point of High and low intensity increased ROM.
(2021)* discomfort
Low intensity: 100% point of
discomfort
2x30s
Fukaya et al. (2020)*? | Hamstrings Low intensity: 100% of maximum High and low intensity SS acutely

tolerable ROM without pain

High intensity: 120% of maximum
tolerable ROM without pain

increased ROM, with greater relative
changes after high intensity.

Peak passive torque acutely increased,
with greater increases after high
intensity.
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1x60s for 12 sessions (3 session/week
over 4 weeks), with acute changes
measured after each session

Passive stiffness acutely decreased
following all high intensity sessions but
decreased after only 50% of low
intensity sessions. The decrease in
passive stiffness was significantly
greater in the high intensity.
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A high (120% MTS) and moderate (100% MTS) hamstring SS for 180s observed ROM
and passive torque increases and decreases in stiffness and isometric muscle force compared to a
low intensity SS (80% MTS x180s)!?. Muanjai et al., (2017) compared an 8x30s higher intensity
(at POP) to a lower intensity (at POD) hamstring SS, finding ROM increased after both3”. In the
calves, ROM increased and stiffness decreased following 5x60s held at constant torque (as
opposed to a constant angle) of a high intensity (100% MTS) SS compared to 5x60s at
submaximal intensities (50% and 75% MTS) and a control condition**. Another study comparing
a no stretch control to stretching at comfort level, mild discomfort, and pain level SS (using a
scale called PERFLEX) for 30s in the hamstrings found all SS groups increased ROM compared
to the control, and passive torque increased in the mild discomfort group only?. Interestingly,
quadricep SS for 3x60s at 80%, 100%, and 120% POD found increased ROM after 100% and
120%, but stiffness (SWE) decreased after 100% only??. Three sets of 60s hamstring stretches at
a low (1-2 NRS) and high (9-10 NRS) observed increased ROM after both, through greater
relative changes in ROM occurred after the low intensity SS; neither intensity altered stiffness®.
Similarly, 60s of hamstring stretching at low (100% POD) and high (120% POD) intensities
increased ROM and passive torque*®*!, but stiffness decreased after high intensity SS only“°.
Takeuchi and Nakamura (2020) found that hamstring ROM increased after 20s of high intensity
stretches (120% POD and maximum POD) compared to a lower intensity SS held at POD%,
though maximum POD resulted in the largest change in ROM. Finally, in a two part study
comparing a high (120% POD for 3x20s and 3x60s) and low (110% POD for 3x60s) intensity
quadricep SS, while ROM increased after all interventions, stiffness decreased only after the low
intensity SS3¢. Given the current results described, it remains unclear if greater intensity SS

results in greater changes in ROM? or stiffness, or if individual incidence of response is impacted
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by SS intensity. Moreover, no research has explored the impact of differing SS intensities on
upper limb musculature.
Incidence of Response

Although the literature consistently demonstrates that SS effectively increases ROM at
the group level®?, traditional analyses of mean changes may obscure the considerable
heterogeneity in individual responses to a standardized SS intervention!!®. For instance, one
research group reported a 69% non-response rate in hamstring ROM following SS in individuals
with chronic low back pain®, despite observing statistically significant improvements in ROM at
the group-level''®. This significant incidence of non-response emphasizes that the benefits of SS
are not uniformly experienced across all individuals, demonstrating that group averages can be
misleading.

Given the considerable treatment response heterogeneity, or the clinically important
individual differences in the magnitude of response to the same intervention'?, there is
increasing recognition that such interventions should be individually tailored to optimize their
effectiveness!?!. Accordingly, a growing body of research has begun classifying individuals as
“responders” or “non-responders” to account for this interindividual variability and identify
predictors of responsiveness. Factors such as baseline characteristics, sex, activity level, or other
demographic or contextual factors (e.g., genetics) may influence an individual’s likelihood of
responding to SS. Advancing toward personalized exercise prescriptions will require a deeper
understanding of this interindividual variability and the determinants of responsiveness to SS!22,
thereby enabling more targeted and effective clinical interventions.

Responders are individuals who, at a given timepoint, exhibit positive changes in a

variable of interest that exceed a predetermined threshold following an intervention!?!. These

39



EFFECT OF PECTORAL STATIC STRETCH INTENSITY

individuals, sometimes referred to as having “high sensitivity”!2:123, demonstrate a meaningful
improvement in an outcome variable!'?*, For example, a responder to SS might display an
increase in ROM beyond a defined threshold. Conversely, non-responders, or individuals with

“low-sensitivity,” exhibit changes that fall below the distinct threshold!?!:123

, reflecting no
meaningful improvement, no change at all, or even a negative response in the outcome
variable!?*!25, For example, a non-responder to SS may experience a minor improvement in
ROM following the intervention below a threshold, no change in ROM, or a loss of ROM.

One commonly used threshold to determine response incidence is typical error (TE),
which accounts for the role of measurement error. TE is advantageous over several other
classification methods (Table 2) due to its consideration of both biological variation and
technical error!?®, Measurement error comprises two primary components: 1) validity error, or
the difference between the observed and true values of a measurement (i.e., concurrent validity),
and 2) reliability error, or the reproducibility of observed values across repeated measures!'?’.
Biological variation (i.e., natural day-to-day fluctuations in true scores influenced by a variety of
factors such as sleep, nutrition, motivation, physical activity etc'?*; e.g., repeated ROM
measurements being within a couple degrees) and random error (i.e., equipment noise) also

contribute to overall measurement error!'?’,

Table 2. Summary of Methods Commonly Used to Classify Responders and Non-responders.

Name of Method for Classifying Method Details
(Non-)Responders
Typical error (TE)!?’ TE is the standard error of within-subject

standard deviation from test-retest
assessments of a measurement'2°

TE= SDuis/\2

>+1 x TE considered a responder!26:128
>2 x TE considered a responder!?-133
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Mean change$

Responder was considered a pre-post change
equal to or greater than the mean change from
the group-level analysis

Technical error of measurement (TEM)!34135

Calculated by taking the square root of the
sum of squared differences of repeated
measures divided by the total number of
paired samples multiplied by 2:

TEM = ((Z(X1 — X2)?)/2N)

>1 x TEM considered a responder!3*
>2 x TEM in worsening direction considered
adverse responder!®

Coefficient of variation (CV)!36-138

Expresses standard deviation (SD) of data as a
percentage of its mean:

CV=100 x (population mean x within-
subjects SD)!37

>1 CV in positive direction= responder!3*

Confidence intervals (CI)!27:13%:140

ClIs of change in the control group were
determined by Univariate General Linear
Model.

Upper 95% was used as lower limit for a
significant individual training-induced change
in training group.

<upper limit of 95% Cl=low
I'esponder5127,139,14o

SD from the mean

Pre-post changes:
<1 SD = low responders'#!
>1 SD = high responders!4%:14!

Stratification of sample

Top and bottom 15-20% of sample =
responders and non-responders,
respectively'+?

Top and bottom quartiles = responders and
non-responders, respectively!

Minimal clinical important difference
(MCID) or clinically important changes

Participants who experienced a change
>MCID!* or clinically important change!#®
were considered responders

In exercise science research, individual changes are often interpreted using the minimal

clinically important difference (MCID), which reflects the minimum threshold for a clinically
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meaningful improvement, such as decreased injury risk!2%!46, This concept is particularly
important when evaluating individual responses to SS interventions, as predetermined thresholds
like TE may not align with the minimum change required to produce a meaningful clinical
benefit. For example, if an individual’s change surpasses the TE but does not exceed the MCID,
it raises the question: is the observed change truly beneficial'?°? The MCID is largely applied in
patient-reported outcome measures!*®; however, to the author’s knowledge, MCID analyses do
not appear in SS literature.

Various methods exist to determine the minimal important change (MIC) or MCID,
including anchor-based, distribution-based, health economic, and standardized effect size
approaches (Table 3). However, it has been argued that using group-derived MCID values to
classify individual responders is problematic, as it can lead to overly optimistic estimates of
treatment efficacy at the individual level'¥’. To address this, researchers recommend using
alternatives such as the Reliable Change Index (RCI), which evaluates the statistical significance
of individual-level changes in a manner analogous to t-tests for group-level comparisons'4’. The

RCl is calculated as:

RCI=(X2-X1)/\/ 2 Standard error of measurement (SEM)

Where SEM= SD,/1 — reliability?

An RCI of 1.96 or greater indicates a responder'#’.
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Table 3. Summary of Methods Commonly Used to Determine the Minimal Clinically

Important Difference.
Method Description
Anchor “Anchored” by using a patient’s or health professional’s judgement to define

what an important difference is. For example, “a little better,” “a little worse,”
“a lot better,” etc.

Distribution | Determine a value based upon distributional variation. A common approach is
to use a value that is larger than the inherent imprecision in the measurement
and therefore likely to represent a minimal level needed for noticeable
difference (e.g., standard error of measurement or smallest detectable change).

Health Approaches that use principles in economic evaluation. These compare cost
Economic with health outcomes and define a threshold value for the cost of a unit of
health effect that a decision-maker is willing to pay, to estimate overall
incremental net benefit of one treatment versus the comparator.

Standardised | The magnitude of the effect on a standardised scale defines the value of the
Effect Size | difference (commonly expressed as Cohen’s d).

Adapted from Cook et al. (2018)'*

A central challenge in examining response variability is distinguishing true intervention
effects from measurement error or natural biological fluctuations!?#!4°, To isolate true individual
responses, it is recommended to compare the standard deviation of changes in the intervention
group against that of a time-matched control group, which captures similar levels of
measurement error and within-subject variability in the absence of the intervention!2#1°,

Collectively, these approaches can help researchers and clinicians better understand the
interindividual variability in response to SS interventions and support the development of more

precise, individualized exercise prescriptions.

Pectoral Static Stretching

The pectoral muscle group, comprised of pectoralis major and minor, influence resting
shoulder position and movement of the shoulder complex. A shortened pectoralis minor is
associated with forward shoulder posture (FSP), which is characterized by an anterior deviation

of the shoulder from the lateral plum line and abduction of the scapula®*>>. Collectively, this
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alters the movement or kinematics of the scapula®> which may lead to the development of

shoulder pathologies*>3

. Interestingly, the impact pectoralis major has on FSP and shoulder
pathology is largely overlooked in research. Given its attachments from the clavicle/sternum and
proximal humerus, a shortened pectoralis major may also contribute to FSP and altered scapular
kinematics. As such, interventions aimed at lengthening the pectorals and decreasing FSP may
be crucial for reducing the burden of shoulder injuries.

Pectoral SS is frequently prescribed by musculoskeletal therapists as a means of
elongating the pectoral muscles, reducing FSP, and mitigating or rehabilitating shoulder
pathologies. Specifically, passive horizontal abduction with the shoulder at 90° of abduction and
external rotation is one of the most commonly prescribed pectoral SS'°!. However, little research
evaluating the acute impact of this or similar pectoral stretches exists, as most evidence focuses

48.59-61 or a combination of stretching and exercise®” or

on multi-week stretching protocols
massage>®. For example, Lee et al., (2015) found that a 4x30s pectoral SS in addition to a
scapular posterior tilting exercise acutely decreased FSP and increased pectoralis minor length
compared to tilting exercise alone’’. Further, five sessions of pectoral SS improved scapular
kinematics and FSP'*2, six sessions over three weeks reduced FSP!, and 5 sessions a week for 3
weeks increased pectoralis minor length and shoulder flexion ROM®, In those with subacromial
pain syndrome, pectoralis minor SS in addition to a standardized shoulder exercise program was
compared to just the exercise program for 6 weeks, finding that, while the addition of the SS
increased pectoralis minor length, there were no differences in pain reduction or functional
improvement®. Conversely, Rosa et al., (2017) examined a 6 week pectoral SS protocol in those

with shoulder pain and those without, finding pectoralis minor length did not change in either

group, but pain and function in the shoulder pain group improved*. Collectively, this
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demonstrates that pectoral SS effectively increases pectoralis minor length®7%¢0 and FSP37-61:152,
However, little research has assessed the acute impact of pectoral SS on muscle stiffness, FSP,
pectoralis minor length, and ROM.

To the author’s knowledge, only one research group has assessed the acute impact of
pectoral SS on muscle stiffness to-date. Umehara et al., (2021)% conducted two studies that
measured acute and prolonged effects of SS on pectoralis minor stiffness. Their first study
measured stiffness before and after 10x30-second SS (total 5-minutes), as well as between each
repetition. They found that stiffness decreased after the first repetition and continued to decrease
gradually after each additional repetition. Completion of the third set (90s stretching) resulted in
a more significant decrease in stiffness compared to the first repetition. In their follow-up study,
pectoralis minor stiffness was measured before and up to 15 minutes after short (1x30s) or long
(10x30s) duration pectoral SS. While they found that the long duration SS decreased stiffness
immediately and up to 15 minutes after, the short duration’s group immediate decrease in
stiffness returned to baseline S-minutes after the stretch. Furthermore, scapular motion was
altered by increasing external rotation and posterior tilt during arm elevation®?. While their
pectoral SS executed at maximal intensity reduced stiffness of pectoralis minor, pectoralis major
stiffness was not assessed. As such, it is unknown how different intensities of pectoral SS will
affect pectoral stiffness, and the impact it may have on pectoralis minor length, FSP, and ROM.
Moreover, the incidence of response to pectoral SS and the factors that contribute to response
rate is unknown.

Purpose & Objectives

Literature consistently demonstrates that various SS protocols increase ROM?>>%3 | likely

through improved stretch tolerance and reduced muscle stiffness®86:114133_SS intensity, a
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modifiable dose parameter, is infrequently investigated due to its inherent subjectivity and
challenges with standardization®?°. While current evidence suggests that different SS intensities
similarly improve ROM?, findings regarding their effects on stiffness and passive torque are
inconsistent. For example, high intensity SS has been shown to both increase passive

12,30,31

torque and decrease stiffness!?*!, while low>¢ and moderate®® intensities have also been
9

associated with stiffness reductions. Moreover, both high and low intensities appear to decrease
passive torque during stretching!? and stiffness®?, while similarly increasing passive torque’?#!.
However, these findings are largely limited to the lower limb and often involve concurrent
manipulation of other SS parameters (e.g., duration), making it difficult to isolate the effects of
intensity*°323%, Consequently, significant gaps remain regarding the isolated influence of SS
intensity on ROM and stiffness, particularly in the upper limb. Moreover, current evidence
suggests that a substantial portion of individuals demonstrate non-response to SS despite mean
group ROM improvements®, though SS literature rarely reports incidence of response. To
advance towards individualized exercise prescription, it is essential to understand if the impact
on SS intensity on response rate, and the factors that may predict responsiveness.

SS is a foundational element of many preventative and rehabilitative protocols. Shortened
pectoral muscles are associated with increased FSP3#+%, a factor implicated in the development of
shoulder pathology**-3. As such, SS is frequently prescribed to lengthen the pectoral muscles to
prevent or rehabilitate shoulder pathology*®4%1-33, Although acute SS performed to the point of
discomfort has been shown to reduce pectoralis minor stiffness and alter scapular kinematics®>53,
limited research has examined how varying pectoral SS intensities affect ROM, pectoral

stiffness, muscle length, or FSP. Given this context, the overarching goal of this dissertation was

to examine group and individual responses to pectoral SS at various intensities.
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Study One. Given the current knowledge gaps regarding the impact of pectoral SS on
ROM, pectoral stiffness, muscle length, and FSP, both generally and at different stretch
intensities, the objective of study one (Chapter 3) was to:

1. Define the impact of an acute 3x30 second bout of passive pectoral SS at low and
moderate intensities (110% and 120% of a baseline ROM) in asymptomatic shoulders
on a) FSP; b) pectoralis minor length (PML); ¢) horizontal abduction range of motion
(haROM); d) pectoralis major; and e) minor stiffness.

Given that SS at various intensities have previously been reported to reduce muscle
stiffness!?32:33.3641.86.114 and increase ROM?, it was hypothesized that both SS intensities would
decrease pectoral stiffness, increase haROM, and thus increase PML and reduce FSP.

Study Two. Study one identified the necessity to implement a more ecologically valid,
intense pectoral SS protocol that compared changes to a control condition. Given that SS is
clinically prescribed based on subjective patient discomfort, it is imperative to understand how
patient reported intensity influences outcomes such as ROM and stiffness, and how changes in in
subjective discomfort relate to changes in these variables. As such, the primary objectives of
study two (Chapter 4) were to determine:

1. The impact of an acute 3x30 second bout of a standing pectoral SS at moderate and
maximal intensities using a standardized stretch intensity scale on: a) FSP; b) PML; c)
horizontal abduction range of motion (haROM); d) pectoralis major; and e) minor
stiffness, compared to a control.

2. The relationship between changes in participant reported stretch intensities throughout SS

and pre-post changes in variables a-e.
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Previous work has demonstrated reductions in pectoralis minor stiffness following high
intensity SS®, and Study One demonstrated that low and moderate intensity pectoral SS
decreased both pectoralis minor stiffness and FSP, with greater reductions in FSP following
moderate intensity (Chapter 3). Thus, it was hypothesized that:

1. Both SS intensities will decrease pectoralis minor stiffness and FSP (with maximal
intensity decreasing FSP more), increase ROM, given various SS intensities increases
ROM?, and not alter PML and pectoralis major stiffness, compared to a control.

2. Changes in patient reported intensity will be greater following maximal stretching, and
will be positively correlated with changes in FSP, but not with changes in muscle
stiffness, PML or haROM.

While increases in shear wave velocity reflects the magnitude of tissue elongation during SS,

it is unclear if elongation differs significant during different stretch intensities. Thus, a third

objective was to determine:

3. If the magnitude of elongation (i.e., stiffness) of pectoralis major and minor differs during
moderate and maximal SS intensities.

It was hypothesized that pectoralis major and minor stiffness will be higher during maximal SS
intensity, indicating greater elongation.

Study Three. Based on the results of studies one and two, it was evident that
interindividual variability in responses to SS existed for all variables. To better inform individual
exercise prescription practice, further work examining factors that may predict responsiveness
such as baseline characteristics is warranted. Thus, the objectives of Study Three (Chapter 5)

were to:
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1. Determine the incidence of individual response or non-response of a) FSP; b) PML; ¢)
horizontal abduction range of motion (haROM); d) pectoralis major; and e) minor
stiffness to moderate and maximal pectoral SS intensities.

2. Determine the difference in baseline data of dependent variables between responders and
non-responders to moderate and maximal intensities of pectoral SS.

Given the significant incidence of non-response reported previously with SS® and the data
trends noted in study one and two (Chapter 3 and 4), it was hypothesized:

1. Individual response incidence for both SS intensities will be low for all variables, and
that greater response rates will occur with higher SS intensities for FSP.

2. That baseline values will differ between responders and non-responders for a given
variable.

Lastly, individual baseline values may determine the amount of change observed for a given
variable. As such, a final objective was to:

3. Explore the relationship between participants’ baseline values for each outcome variable
and the amount of change they experienced following the SS intervention.

Given that the baseline value has previously been shown to affect the magnitude and direction of

response or change in an outcome variable following an intervention!>*15

, it was hypothesized
that there will be a rate-dependent effect between participants’ baseline values and change in all

outcome variables.
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Chapter 3: Comparison of two pectoral stretch intensities on shoulder posture, range of
motion, muscle length, and stiffness: A randomized, single blinded crossover study.
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Abstract

Various combinations of static stretching (SS) duration and repetitions increase range of motion
(ROM); however, limited data exist on the effects of SS intensity, particularly in the upper
extremity. Twenty-four participants (n = 24, 25 £ 5 years) with asymptomatic shoulders attended
two sessions, receiving pectoral SS at 110% and 120% of a baseline ROM (bROM; angle of
horizontal abduction a stretch sensation was first perceived). Forward shoulder posture (FSP),
pectoralis minor length (PML), horizontal abduction ROM (haROM), and pectoralis major and
minor stiffness (via shear wave elastography) were measured before (PRE) and after (POST)
each intervention. SS interventions were three sets of 30 seconds of passive horizontal abduction
with 30s of rest between. A two-way (2 intensity by 2 time) repeated measures ANOVA was
conducted on all variables (p < 0.05). A significant two-way interaction was found for FSP,
F(1,23)=6.21, p = 0.02, np? = 0.213, with reductions following both 110% (p = 0.025) and 120%
(p <0.001). No significant interactions were found for PML, haROM, or pectoralis major and
minor stiffness. Pectoralis minor stiffness decreased from PRE to POST (p = 0.049). A single SS
bout reduced FSP and pectoralis minor stiffness. Higher intensity SS decreased FSP more than
lower intensity SS, while pectoralis minor stiffness decreased regardless of intensity. These
changes in FSP and pectoralis minor stiffness appear to be independent from changes in PML,
haROM, and pectoralis major stiffness.
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Introduction

Acutely, static stretching (SS) increases range of motion (ROM)3* due to increased
stretch tolerance and reduced muscle stiffness®!33. To increase ROM, clinicians instruct
individuals to position themselves where a stretch sensation is felt or when a certain stretch
intensity has been reached, often aiming for discomfort with no pain. While SS is a central
component of most preventative and rehabilitative approaches, little work has defined the impact
of SS intensity on the effects observed following SS**° (e.g., ROM, muscle stiffness, etc.). Thus,
additional work is needed to define how SS intensity alters responses to SS to inform exercise
prescription recommendations.

SS is a common approach used to lengthen the pectoral muscles to reduce forward
shoulder posture (FSP) to prevent or rehabilitate shoulder pathology*®4°->152, Shortened pectorals
are associated with increased FSP** which may increase the risk of shoulder pathology**-2,
Horizontal abduction with the shoulder and elbow flexed to 90° is a commonly prescribed stretch

to lengthen the pectorals!>!

, yet limited research has evaluated the impact of acute pectoral SS on
outcomes such as pectoral stiffness, pectoral length, or FSP. Pectoralis minor stiffness is reduced
immediately after one 30-second (30s) bout of pectoral SS (horizontal abduction with shoulder at
120° flexion) at the point of discomfort (POD) and significantly more after a third 30s bout
(cumulative 90s)%. Further, 10x30s of high-intensity pectoral SS acutely decreases pectoralis
minor stiffness®?. However, pectoralis major stiffness was not measured. Given that pectoralis
major attaches from the sternum to the proximal humerus, increased stiffness may impact FSP,

and it is currently unknown how pectoral SS affects the muscle’s stiffness. Thus, while available

literature supports that high intensity pectoral SS reduces pectoralis minor stiffness, it is not
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known how different SS intensities affect pectoralis major stiffness, FSP, ROM and muscle
length.

As greater stretch intensities may cause pain and muscle soreness?’, lower intensity
stretches may be preferable if they produce the same benefits as higher intensities. However, SS
research often employs a high intensity SS (e.g., > 100% POD), and little acute SS research has
examined responses to differing intensities as other dose factors such as sets, and duration are
more easily manipulated. Moreover, stretch intensity is subjective, making it more difficult to

standardize>?. Available literature suggests that high intensity SS increases ROM!230-3133 and

12,30,31 12,41 12,38

passive torque and decreases stiffness'=*' and muscle force'~>® compared to low intensity.
Further, low intensity SS decreases quadricep stiffness*® compared to high intensity, while
moderate intensity decreases quadricep stiffness compared to a low and high intensity™3.
Additionally, high- and low-intensity SS decreases static passive torque during stretching'? and
stiffness ¥, and increases passive torque®>*! and ROM similarly3%263841 Tmportantly, many of

these studies3?32-38

manipulated more than one variable (intensity and duration) making it
challenging to isolate the effects of SS intensity. A recent review concluded that while SS
increases ROM, there is insufficient evidence to conclude that different intensities lead to
alternative changes®, which may be the result of inconsistencies with reporting or prescribing
stretch intensity between studies?’. As such, considerable gaps in our knowledge persist
regarding the impact of SS intensity on ROM and stiftness, especially in the upper limb.

Thus, the current study defined the impact of an acute bout of passive pectoral SS at two
intensities (110% and 120% of baseline ROM) in asymptomatic shoulders on: 1) FSP; 2)

pectoralis minor length (PML); 3) horizontal abduction range of motion (haROM); 4) pectoralis

major; and 5) minor stiffness. Given that high- and low-intensity SS has been reported to reduce
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muscle stiffness!'?*233:3641 and increase ROM?, it was hypothesized that both SS intensities
would decrease pectoralis major and minor stiffness, increase haROM, and thus increase PML

and reduce FSP.
Methods

Experimental overview

A repeated measures crossover design was conducted where participants attended two
experimental sessions in a research laboratory at least 72 hours apart (Figure 4). Participants

received one of two researcher-administered static pectoral stretches at a lower and higher

intensity: 110% and 120% of a baseline ROM (bROM). These were delivered in a random order

to a randomized arm at each session. FSP, PML, haROM, and pectoralis major and minor
stiffness were measured before (PRE) and immediately after (POST) each intervention by a
single, trained examiner (Figure 5). At the start and end of each stretch, participants reported
their perceived stretch intensity using a visual analogue scale from 0 (no stretch) to 100

(extremely painful stretch).
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A) Recruitment

B) Randomization

Figure 4: CONSORT Diagram

A) Twenty-nine individuals were recruited, five were excluded due to not meeting the inclusion
criteria. B) Twenty-four participants were eligible and randomized to an intervention (110% and
120%) and arm (dominant or non-dominant). C) During their first visit, twelve participants
received the 110% intervention (n=6 dominant arm, n=6 non-dominant arm), and twelve
participants received the 120% intervention (n=6 dominant arm, n=6 non-dominant arm). D)
Twenty-four participants attended a second session where they received the other intervention

(110% or 120%) to the opposite arm (dominant or non-dominant) as Visit 1 (C). E) All data for
every participant and outcome variable was analyzed.
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Figure 5: Timeline Schematic of Experimental Protocol

A) Participants were screened for eligibility, provided informed consent, filled out a Get Active Questionnaire, and underwent
intervention arm and static stretch (SS) intensity randomization. B) PRE measurements: Shear wave elastography (x3 elastograms for
reliability analysis), forward shoulder posture (FSP), pectoralis minor length (PML), baseline range of motion (b ROM), and
horizontal abduction range of motion (haROM) were measured. C) Participants received the 110% or 120% of bBROM SS for 3x30s
with 30s of rest between. Perceived SS intensity was collected at the start and end of each 30s SS using a 0-100 visual analogue scale
(VAS). D) POST measurements were taken in the same manner as (B) without bBROM, and only one elastogram was taken. E)
Participants returned a minimum of 72 hours later and repeated B-D at the other SS intensity and other arm (C).
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Participants

To detect an interaction between intervention (110% and 120%) and time (PRE and
POST), an a priori analysis (o = 0.05, B = 0.8) was performed using a moderate effect size of n?
= 0.06 which yielded a sample size of 24. A convenience sample of 29 participants was recruited
from the University of Manitoba and surrounding community between February and July 2023.
Potential participants were assessed for eligibility through the following inclusion criteria prior
to their first experimental session: 18-40 years old; no recent history (< 6 months) of pain, injury,
or orthopedic disorders to either arm; no diagnosed neurological or musculoskeletal disorders; no
contraindications to the use of ultrasound; no history (< 5 years) of participation in
sport/activities requiring extreme upper body ranges of motion (e.g., gymnastics, yoga, baseball
pitcher); not currently pregnant or breast feeding; and < 5 Beighton’s score for joint
hypermobility (as assessed during the first session).

Twenty-four (n = 24, 12 females, age = 25 £ 5 years, height = 173 £+ 10 centimeters,
weight = 75 £ 20 kilograms) participants were eligible and participated. Handedness was
determined using the Modified Edinburgh Handedness Index and participants completed the
Canadian Society for Exercise Physiology’s Get Active Questionnaire to determine activity level
and identify any special considerations to receiving a stretch intervention (i.e., low blood
pressure that might result in light-headedness when getting up). Participants were asked to
refrain from upper body resistance training for 48 hours prior, cannabis and alcohol consumption
for 24 hours prior, and caffeine consumption for six hours prior to each session. All experimental
procedures were approved by the University of Manitoba Research Ethics Board and were

conducted in accordance with the Declaration of Helsinki. Participants received all verbal and
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written details of the experimental procedures prior to providing informed consent, including the
benefits and risks of the investigation.
Procedures

Once consented, participants’ intervention (110% and 120%) and arm (dominant or non-
dominant) order were block randomized and counterbalanced based on hand dominance. PRE
measurements of pectoralis major and minor stiffness via shear wave velocity (SWV), FSP,
PML, baseline ROM (bROM), and haROM were captured prior to each stretch intervention.
Participants received the first stretch intervention on one arm, and the second stretch intervention
at the second experimental session on the other arm. Participants were informed that they will be
receiving two different intensities of SS, but were not told which intensity they would receive at
either session. After the intervention, POST measurements were taken in the same order
excluding bROM. Participants’ height, weight, age, and sex assigned at birth were collected.
Shear Wave Elastography (SWE)

Pectoralis major and minor stiffness was measured using shear wave elastography (SWE;
Logiq E10s, GE, Mississauga, Ontario, Canada), coupled with a transducer (2-10 MHz, XD clear
linear probe, GE, Mississauga, Ontario, Canada), where the measured SWYV represents stiffness.
Participants sat on a plinth that was reclined to 30° with a bolster under their knees and arms
rested by their sides (Figure 6a). Transmission gel coupled the probe approximately 1 inch
below the clavicle and 1 inch lateral to the sternal edge (Figure 6b). The probe was aligned
longitudinal to pectoralis major and minor fibers separately using B-mode ultrasound and

recorded with permanent marker for consistency between measurements.

58



EFFECT OF PECTORAL STATIC STRETCH INTENSITY

Pectoralis Minor

Figure 6: Shear Wave Elastography for Pectoralis Major and Minor Stiffness

Pectoralis major and minor muscle stiffness was measured using shear wave velocity (SWV).
Participants sat on a 30 °reclined plinth (4) with a bolster under their knees and arm rested by
their sides. Using B-mode ultrasound, a 2-10 MHz transducer was aligned longitudinally with
muscle fibres of the respective muscle being measured, approximately I-inch below the clavicle
and 1-inch lateral to the sternal edge (B). The appropriate probe location was marked and an
elastogram was taken of pectoralis major while participants held their breath (C). Colour-coded
elastograms of SWV within a region of interest (ROI) were produced, and three high-quality
images (with little artifact) were selected and used for analysis. This was then repeated with
pectoralis minor (D).

Given that muscle stiffness increases linearly with force production!>®

, it was necessary to
ensure stiffness was measured in a rested state. Thus, muscle excitation of the pectoralis major
was measured in 10 unique participants (z = 10, 5 female, 5 male; age: 27 + 6 years) in the same
position as SWV measurements. Bipolar surface electromyography (Quattrocento, OT

Bioelettronica, Torino, Italy) was recorded for 10s, where the average root mean square (RMS)

from seconds three to six was used for analysis. A maximal voluntary isometric contraction
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(MVIC) of the pectorals was used as a reference contraction to determine relative excitation at
rest. Participants were seated at a chest press machine loaded with an immovable weight and
were instructed to press as hard as possible for four repetitions of 5-second, all-out pushes. A 2-
minute rest period was given between repetitions. The first repetition served as familiarization,
and the middle three seconds of each of the last three repetitions were evaluated for the peak
excitation. The average RMS of 0.5s around the highest peak was calculated and revealed that
pectoralis major excitation was negligible in the rest position (0.72 £ 2.85%)).

Shear wave mode was used to produce a colour-coded map (elastogram) of SWV within
the largest region of interest (ROI) possible for each muscle (Figure 6C and D). To determine
reliability of SWV measurements, three, ~10-second elastograms were captured for both muscles
at PRE, while one ~10-second elastogram was captured at POST. Participants were instructed to
take a deep breath in, exhale for a count of 3-seconds, and then hold for ~10-seconds as the
elastogram was taken to limit movement during breathing ®*. Three high-quality images with the
least artifact (none or very little monochromatic artifact) were saved from each elastogram and
used for analysis.

Forward shoulder posture (FSP)

FSP was measured using the double-square method. Participants stood with their back
against a wall in a relaxed/neutral posture and the anterior acromion was marked. A modified
combination square was used to measure the distance from the wall to their acromion three
times, where the average was used for analysis. Between each measurement, participants were

instructed to step forward and shake their arms to reset their natural posture.
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Pectoralis minor length (PML)

PML was measured in supine. Participants had their coracoid process and anterior-
inferior edge of the 4" rib one finger-width lateral to the sternum marked with permanent
marker. A flexible measuring tape was used to measure this distance three times, where the
average of the three measurements was used for analysis.

Baseline range of motion (bROM)

To calculate the SS angle for each intervention, BROM was the haROM position where
participants first felt a stretch in their pectoral region (Figure 7). Horizontal abduction, with the
shoulder abducted to 90° or 150° and elbow flexed at 90°, has been shown to effectively stretch
pectoralis minor>’. To target both pectoralis minor and the horizontal fibres of pectoralis major,
the current study utilized a stretch position at 90° of shoulder abduction. While supine with their
shoulder slightly over the edge of the plinth to allow for full horizontal abduction, each
participant’s relaxed arm was slowly passively horizontally abducted at 90° of shoulder and
elbow flexion until the participant reported a stretch sensation in the pectoral region. This angle
was measured using a goniometer and considered their bROM to calculate the 110% (x1.1) and
120% (x1.2) stretch intensities. Goniometric measurements were taken by one of two
experienced researchers (> 3 years). Given that goniometry has high reliability when conducted
by the same individual'>?, all measurements for a given participant were conducted by the same
researcher. Intra-rater reliability was calculated for both independent researchers, demonstrating

excellent reliability (R1 Cronbach’s oo = 0.915, R2 a0 = 0.982).
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Figure 7: Position of baseline range of motion measurement (hROM), horizontal
abduction range of motion measurement (haROM), and stretch intervention.

Participants’ intervention shoulder and elbow were flexed to 90°(A). For the baseline range of
motion (bROM) measurement, the researcher slowly horizontally abducted the participants’ arm
until the first sensation of a stretch in the pectoral region was felt. This angle was measured with
a goniometer (B). Horizontal abduction range of motion (haROM) was measured in the same
position, except the participant’s relaxed into end range passive horizontal abduction, which was
measured with a goniometer (B). The participants’ arm was assisted back to 90 ° of shoulder and
elbow flexion, where this was repeated twice more for a total of three times, where the average
of 3 was used for analysis. The stretch intervention was also performed in this position.
Participants’ arms were horizontally abducted to either 110% (x1.1) or 120% (x1.2) of bBROM
(B). This position was held for 30 seconds before their arm was returned to rest by their side for
30 seconds. This was for a total of 3 sets of 30 seconds of stretching.

Horizontal abduction range of motion (haROM)

Passive horizontal abduction ROM (haROM) was measured in the same arm position as
bROM (Figure 7). Each participant’s arm was passively horizontally abducted with the shoulder
and elbow at 90° of abduction and flexion, respectively. Participants were instructed to relax the
arm towards the ground. The researcher maintained light touch with the participant’s arm as they

reached their full passive range of motion to maintain proper position (i.e., keeping their arm
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parallel to the ground to control shoulder rotation). The researcher did not apply any force to the
participant’s arm to increase range. Once the arm settled, haROM was measured with a
goniometer. The participant’s arm was then passively horizontally adducted to 90° of flexion
before repeating this process twice for a total of three times with the average used for analysis.
Stretch intervention

Participants received three repetitions of a 30-second SS with 30-seconds of rest between
each repetition at 110% or 120% of their bROM. SS doses of 3-4x30s are commonly

158 "and reduce pectoralis minor stiffness . The researcher responsible for

recommended
conducting outcome variable measurements and data analysis exited the room during the stretch
intervention to ensure blinding to intervention randomization. The SS was administered in the
same way as the bBROM (Figure 7), except that the shoulder was horizontally abducted to the
prescribed range for each SS intensity. Participants were asked to relax and to inform researchers
if pain exceeded a 7/10, in which case the stretch would be terminated (n = 0). After each
repetition, the participant’s arm was returned to their side to rest for 30-seconds.
Perceived stretch intensity

Participants were asked to rate their perceived stretch intensity at the start (~1-second)
and end (~29-seconds) of each stretch repetition using a 100-point VAS where 0 represented no
stretch and 100 represented an intolerable stretch (i.e., painful). These scores were averaged to
yield one perceived intensity score for each intervention.
Second experimental session

Participants attended a second experimental session a minimum of 72 hours after the first

which was identical to the first, except that the participants received the second SS intervention

intensity to the other arm.
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Data processing

Shear wave velocity (m/s; i.e., muscle stiffness) was measured using the shear wave
propagation speed computed by the system software by an investigator blinded to the
intervention. Within the ROI for each set of measurement images (i.e., PRE or POST
intervention for pectoralis major or minor), the largest possible area was measured that avoided
artifact, and the diameter and measurement location was kept consistent between images for the
same time point for a given participant. The average of the three measurements was used for

analysis.

Statistical Analyses

Statistical analysis was performed using SPSS (v25, Chicago, I1, USA). Prior to statistical
analysis, normality of the data was determined using Shapiro-Wilk test for normality (p > 0.05).
Outliers were considered to be studentized residuals greater than + 3 standard deviations. Data
that was not normally distributed was transformed by log10 transformation.

A two-way (intensity*time) repeated measures ANOVA was conducted on PRE and
POST measurements of all dependent variables (FSP, PML, haROM, pectoralis major and minor
velocity). Data were considered statistically significant if p < 0.05. Post-hoc Bonferroni
corrected #-tests were conducted on significant interactions to determine main effects. A paired
samples z-test was conducted on the perceived stretch intensity between SS intensities. Small,
medium, and large effect sizes were interpreted as: np?>=<0.01, > 0.06, > 0.14, respectively; and
d=<0.2,>0.5,>0.8, respectively. Intrasession reliability of the dependent variables were
determined by a two-way mixed model absolute agreement intraclass correlation using

participants’ repeated PRE-measurements from their first session. ICC values of < 0.5, 0.5-0.75,
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0.75-0.9, and > 0.9 indicated poor, moderate, good, and excellent reliability, respectively. All

data is presented as mean + standard deviation unless otherwise stated.

Results

Raw data is available in the Open Science Framework repository (https://osf.io/pbva8/).

There were no outliers as assessed by studentized residuals + 3 standard deviations. Data was not
normally distributed for pectoralis major and minor SWV as assessed by Shapiro-wilk test for
normality (p < 0.05) and thus a log10 transformation was applied, which corrected distribution (p
> (.05). Statistical analyses were conducted on transformed data where applicable. Data is
presented in Table 4 and Figure 9 contains raw data.

There was a significant two-way intensity by time interaction for FSP, F(1,23) =6.21,p =
0.02, n,>= 0.213 (Table 1; Figure 8). Post hoc testing revealed FSP decreased following the
110% (p = 0.025, 95% C1 0.02 to 0.30, d = 0.11) and 120% (p < 0.001, 95% CI1 0.21 to 0.52, d =
0.16) SS, though 120% reduced FSP greater than 110%. There was no difference in FSP at PRE
(»p =0.314) or POST (p = 0.825) between experimental sessions.

There were no significant interactions between SS intensity and time for PML (Figure 9a),
haROM (Figure 9b), pectoralis major (Figure 9¢) or minor stiffness (Figure 9d; Table 4).
Analysis of main effects demonstrated pectoralis major stiffness approached significance over
time (p = 0.077, B = 0.425) (Figure 9c¢). There was a significant main effect for pectoralis minor
stiffness over time (mean difference = 0.214, SD = 0.095, p = 0.049, 95% CI: 0.17 to 0.410 m/s,
N> = 0.159, B = 0.514) (Figure 9d).

Perceived stretch intensity was significantly greater for the 120% SS (31£19) compared

to the 110% SS (20£17), #(23) =2.906, p = 0.008, 95% CI 3 to 19, d = 0.44. ICC values for all
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outcome variables were good (pectoralis major SWV Cronbach’s o = 0.885) and excellent

(pectoralis minor SWV o =0.917, FSP a = 0.994, PML o = 0.999, haROM o = 0.981).
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Figure 8: Forward Shoulder Posture (FSP) before (PRE) and after (POST) 3x30s of
Pectoral Static Stretching at 110% and 120%.

n=24, cm=centimeters, * denotes significant 2-way interaction, v denotes significant
difference between PRE and POST.
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Table 4. Two-Way Intensity*Time Repeated Measures ANOVA: Forward Shoulder Posture, Horizontal Abduction Range of
Motion, Pectoralis Minor Length, and Pectoralis Major and Minor Stiffness before (PRE) and after (POST) Pectoral Static
Stretching at 110% and 120%.

110% 120%

PRE POST PRE POST f P My’ B
FSP (cm) 124(1.9)  122(1.9)  12.6(1.9) 123(1.9) 621 02 213 665
PML (cm) 143(2.0) 143(1.9) 143(1.8) 143(1.9) 273 607 012 079
haROM (degrees) 110 (10) 111 (10) 111 (11) 112 (12) 408 529 017 094
PMS (m/s) 3.12(91) 2.82(55) 3.00(.85) 2.81(48)  .307 585 013 083
PmS (m/s) 2.79(85)  2.51(.58)  2.58(.75) 2.44(.62)  .462 503 .02 514

110%= 110% static stretch (SS); 120% = 120% SS; cm= centimeters; FSP= forward shoulder posture; haROM= horizontal abduction range of
motion; m/s= velocity, meters per second; PMS= pectoralis major stiffness (shear wave velocity); PmS= pectoralis minor stiffness (shear
wave velocity); PML= pectoralis major length; POST= Post-SS measurement; PRE = Pre-SS measurement. * p<.05.
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Figure 9. Pectoralis Minor Length (A), Horizontal Abduction Range of Motion (B),
Pectoralis Major (C) and Pectoralis Minor Stiffness (D) before (PRE) and after (POST)
3x30s of Pectoral Static Stretching at 110% and 120%.

n=24, cm=centimeters, haROM = horizontal abduction range of motion, m/s = meters per
second; PML = pectoralis minor length.

Discussion

The current study explored the impact of two different intensities of acute passive
pectoral SS to asymptomatic shoulders on: FSP, PML, haROM, and pectoralis major and minor
stiffness. In line with the hypothesis, the 120% SS reduced FSP to a greater extent than 110% SS.
While pectoralis minor SWV decreased from PRE to POST as hypothesized, only the 110% SS

intensity approached a significant reduction in stiffness. Further, neither intervention affected
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PML, haROM, or pectoralis major stiffness. To the authors’ knowledge, this is the first study to
examine the impact of different pectoral SS intensities on FSP, PML, and SWYV of the pectoral
muscles.

Our observation that both SS interventions significantly reduced FSP is consistent with

previous reports demonstrating various massage therapy techniques!>%16

applied to the pectoral
region acutely decrease FSP. Interestingly, no published literature to the authors’ knowledge
examines the impact of a single pectoral stretch intervention on FSP. A single treatment of
stretching and soft tissue mobilization of the pectoralis minor and SS immediately decreased
FSP38 but the relative contributions of each treatment to the observed reduction in FSP is
unknown. Thus, our observed reduction in FSP after both SS interventions suggest SS may be

58,159-161

capable of reducing FSP similarly to massage techniques alone and in conjunction with

SS38. Considering FSP is associated with shoulder injuries*->3

, simple and accessible
rehabilitative and preventative strategies that can decrease FSP are essential to reducing the
incidence and risk of shoulder pathology. Contrary to the hypothesis, more intense SS reduced
FSP to a greater extent than the lower intensity SS (110%: -1.6%; 120%: -2.4%). While no
previous studies report an intensity-dependent reduction in FSP following SS, higher intensity SS
has increased ROM greater than a lower intensity SS!2-39-33,

Given that pectoralis major and minor attach to the proximal humerus and scapula from
the sternum/ribs, respectively, we expect that the reduction in FSP following SS would be the
result of increased length of the pectoral muscles. However, we observed no difference in PML
or haROM, which suggests the reduction in FSP is the result of a different mechanism. For

example, participants could have subconsciously corrected their FSP after the interventions. This

is supported by previous work reporting FSP was immediately reduced in those in the control
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group'%. Further, we have previously observed that FSP decreased immediately after a pectoral
myofascial release without a concurrent increase in ROM!?, which is consistent with the current
study’s findings. Moreover, while FSP was significantly lower after both SS, it is unknown if this
change would meet the threshold for a minimal clinically important change that would reduce
shoulder pathology risk, or how long FSP would remain reduced. Future studies should
determine the mechanisms that control FSP (e.g., altered neuromuscular properties, reduced
fascial stiffness, etc.), interventions capable of modifying them, and the minimum clinically
important difference required in each to reduce shoulder pathology risk.

Given that a shortened pectoralis minor is associated with increased FSP¥, it is surprising
that our observed decrease in FSP did not occur concomitantly with an increase in PML. These
findings are opposed to those of previous research demonstrating pectoral stretching acutely
increases PML!®2, Interestingly, pectoralis minor stiffness decreased from PRE to POST SS.
Considering stiffness is an indicator of the viscoelastic properties of a muscle and a decrease in
stiffness would indicate an increase in passive tension'>, we would expect that a decrease in
stiffness would occur parallel to an increase in pectoralis minor length. To evaluate the
relationship between pectoralis minor length and stiffness, we performed an exploratory post-hoc
Pearson Correlation between change in PML and change in pectoralis minor stiffness. There was
no relationship between change in PML and change in pectoralis minor stiffness (p = 0.866, r = -
0.025). As such, it seems pectoralis minor stiffness is unrelated to changes in its resting length.

We observed a main effect of time on pectoralis minor stiffness, which is consistent with
previous literature demonstrating that pectoralis minor stiffness decreases after pectoral SS6%63.
For example, 30s of pectoral SS with the shoulder abducted at 135° and the arm stretched into

horizontal abduction as far as tolerated without pain immediately decreased pectoralis minor
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stiffness, which was further decreased after three repetitions of 30s of SS®. Additionally,
pectoralis minor stiffness decreases after 10x30s of pectoral SS at 150° of abduction at the same
intensity®2. Interestingly, pectoralis minor stiffness was significantly different between PRE and
POST (mean difference = 0.214, SD = 0.095, p = 0.049, 95% CI: 0.17 to 0.410 m/s, n,>= 0.159,
B = 0.514); however, only the 110% SS approached significance with a decrease of 0.283 m/s (p
=0.078; -10%) compared to 0.144 m/s (p = 0.255; -5%) following the 120% SS. This is a
curious finding, given that previous work demonstrated a significant decrease in pectoralis minor
stiffness at the greatest intensity tolerated by participants, even greater than our 120% intensity,
after only 30s of SS®. This might suggest that our SS intensities may be insufficient to elicit
changes in stiffness. The shoulder abduction angle at which the pectoral stretch was implemented
differed between the current study and previous reports (90° compared to 135° or 150°,

)62,63

respectively , suggesting that pectoral SS at greater angles of shoulder abduction may reduce

pectoralis minor stiffness to a greater extent than at 90°. However, the choice to employ a

pectoral SS at 90° of abduction in the current study was two-fold: first, this position (and 150° of
abduction) was the most effective at lengthening pectoralis minor in vivo**-%; and second, this is
a commonly prescribed pectoral SS position!!. Moreover, while the ultrasound probe location
was similar to that of the current study, Umehara et al. measured pectoralis minor stiffness in a

more lengthened position with the participants’ shoulder abducted and internally rotated 90°62:63,

163 Umehera’s measurement was taken in a

Given that arm elevation elongates pectoralis minor
lengthened position whereas the current study measured stiffness with the participant’s arm at
rest (i.e., with arms by their side). To the authors’ knowledge, no studies to-date have examined

pectoralis minor’s slack angle or degree of lengthening through ranges of abduction; however,

small increases (0.8-1.8%) in pectoralis minor length are observed up to 30° of flexion and
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scaption, and large increases (4.0-25.5%) are observed after that'®. As such, it would be
reasonable to suspect that the slack angle exists somewhere between rest (the measurement
position in the current study) and at 90° of abduction (the measurement position in Umehera’s
study). It is possible that changes in stiffness may only be captured past a muscle’s slack angle,
when stiffness would begin to increase. Moreover, stretching may have changed the muscle’s
slack angle, which may not necessarily result in changes in stiffness at rest as measured in the
current study. Future work should examine pectoral slack angles and changes that occur in
response to static stretching. Additionally, Umehara et al. used kilopascals (kPa) as their stiffness
measurement, which is calculated from shear wave velocity and is dependent on a variety of
assumptions that are frequently violated and thus, less consistent %4, Future work should
standardize the stiffness measurement of pectoralis minor for optimal comparison between
studies, including the position it is measured in and use shear wave velocity not kilopascals (m/s
or kPa).

Given the pectoralis minor’s influence on shoulder posture, we anticipated that changes
in FSP would correspond to changes in pectoralis minor stiftness. Specifically, given that FSP
decreased to a greater extent following the 120% SS, we expected pectoralis minor stiffness to be
reduced to a greater extent following the 120% SS than the 110% SS. Contrarily, following the
110% SS, pectoralis minor stiffness approached significance (p = 0.078; -10%) compared to the
120% SS (p = 0.255; -5%). A post-hoc Pearson Correlation was conducted to explore the
relationship between change in FSP and pectoralis minor stiffness. There was a very weak
insignificant, negative relationship between change in FSP and change in pectoralis minor
stiffness for 110% (p = 0.368, » =-0.192), and a weak insignificant negative relationship for

120% (p = 0.144, r = -0.308). This suggests that decreasing pectoralis minor stiffness/velocity
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does not have a major impact on FSP and that other mechanisms contribute to FSP. For example,
pectoralis major excitation is increased in those with FSP compared to those without', but little
research has been conducted on its role in FSP, or the muscle’s response to SS in general!%®. One
study did report no change in pectoralis major stiffness before and after a three day/week, seven
week pectoral SS protocol!%®. While the current study defined the immediate change in pectoralis
major stiffness following SS, these findings support those of the current study and suggest that
neither acute nor chronic pectoral SS alters pectoralis major stiffness.

Lastly, contrary to the hypothesis, we did not observe a change in haROM following

either SS. This contradicts the vast majority of the literature demonstrating that a single SS bout

h12,31,38,4l 38,41

at hig and low intensities’®*" acutely increases ROM. It is plausible that the intensity of
stretching interventions used in the current work were not intense enough to elicit changes in
ROM following stretching. Indeed, on average, participants reported their perceived stretch
intensity as 20/100 and 31/100 for the 110% and 120% SS, respectively. These correspond to
slight and slight to moderate on the stretch intensity scale used in the current study.

Recent evidence suggests ROM increases acutely with stretching regardless of stretch
intensity>-°, which may be attributed to neural adaptations (e.g., increased stretch tolerance) or
decreased muscular or tendon stiffness®. While the current study observed a decrease in
pectoralis minor stiffness pre-post, this did not coincide with increases in ROM. Few studies
have examined the acute impact of pectoral stretching on ROM, and focus primarily on chronic
SS (i.e., multiple sessions). For example, pectoral SS for three days/week for seven weeks
increased shoulder extension ROM!'%, and four days/week for eight weeks increased shoulder

rotation ROM!®7. These authors have cited mechanisms such as increased stretch tolerance ¢ and

changes in muscle morphology!®® as contributors to increased ROM. For example, fascicle
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length has been found to increase after chronic SS, but only under high SS volumes and
intensities!®®. As such, the mechanisms leading to acute increases in ROM are largely unknown,
but are speculated to be a result of changes in stiffness and stretch tolerance due to
neuromuscular changes’. Future research should determine these mechanisms, and their response
to various stretching dose parameters.

There are limitations to the current study. First, we included younger adult participants
with asymptomatic shoulders; thus, these findings may not be generalized to other age groups or
individuals with shoulder pathology. Secondly, most literature measures changes in ROM at the
participant’s POD, and the gravity used during haROM measurements in the current study did
not apply a force adequate to take participants to their POD, which may be why we did not see
changes in ROM. Third, we did not monitor, or control for, female menstrual cycles, which may
have impacted their response to SS, given that hormonal fluctuation during the menstrual cycle
alters ROM and stiffness ', Lastly, stretch intensity is difficult to accurately manipulate given
that it is subjective. Furthermore, no correlation was found between passive muscle tension and
subjective pain!’®, demonstrating that an individual’s stretch perception may not indicate
lengthening of the target muscle. As such, it is possible that our measured bROM, where
participants reported their first sensation of a stretch, was interpreted differently by various
participants and may not have adequately lengthened the pectorals. Thus, the 110% and 120% SS
may not have been as intense as anticipated and were likely inconsistent across participants and
interventions. For example, the mean perceived intensity score for the 110% and 120%
intensities were 20 and 31 out of 100, respectively, demonstrating that our high-intensity SS
averaged only a slight to moderate stretch intensity, according to our VAS. This may be why we

did not observe changes in many of our outcome variables.
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Conclusion

In conclusion, three, 30s static stretches at 110% and 120% from baseline ROM reduces
FSP and pectoralis minor stiftness, but does not affect PML, haROM, or pectoralis major
stiffness. While stretching at 120% reduces FSP greater, 110% reduces pectoralis minor stiffness

more than 120%, demonstrating that higher and lower SS intensities have differing benefits.
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Chapter 4: Acute impact of moderate and maximal stretch intensities on pectoral muscle
stiffness, length, forward shoulder posture, and range of motion, and the relationship
between muscle stiffness and stretch intensity.
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Abstract

Static stretching (SS) acutely increases range of motion (ROM) due to several purported
mechanisms including an increase in mechanical muscle length due to reduced stiffness or
increases in stretch tolerance. However, few studies have investigated acute changes following
upper extremity SS, especially in response to different stretch intensities. In the shoulder, it is
unknown if different pectoral SS intensities affect stiffness, ROM, pectoral muscle length (PML)
and forward shoulder posture (FSP) following SS. Thirty participants (#=30, 15 female, 26+4
years, 173£10 cm, 73116 kg) completed two experimental sessions where three pectoral SS
interventions were conducted: a control condition (CON), and moderate and maximal SS
intensities. Pectoralis major and minor stiffness (via shear wave elastography), PML, FSP, and
horizontal abduction ROM (haROM) were measured before (PRE) and after (POST) each
intervention. The control condition was completed first where participants rested for 150s,
followed by either moderate or maximal intensity SS. The remaining intervention was conducted
in the second session. A standing doorway pectoral SS was completed, and moderate and
maximal intensity were prescribed using a stretch intensity scale ranging from 0-150 where
participants stretched at a 60 on the scale for the moderate intensity, and 100 (the greatest
intensity achieved without pain) for the maximal. Each SS intervention was held for three sets of
30s with 30s of rest in between, and the same angle was used for all three repetitions. There was
a significant 2-way interaction for haROM, F(2,58)= 58.195, p< .001, n,>=.667. haROM
decreased from PRE to POST CON (PRE=105+5, POST=103+5 degrees; p< .001) but increased
following moderate (PRE=104+5, POST=10716 degrees; p< .001) and maximal (PRE=103%5,
POST=108%5 degrees; p< .001). There were no significant interactions for FSP, PML, or
pectoralis major or minor stiffness. The main effect of time was significant for PML and FSP;
PML increased from PRE (14.3+£0.2 cm) to POST (14.4£0.2 cm; p=.020) and FSP decreased
from PRE (11£0.3 cm) to POST (10.840.3 cm); p<.001). A single bout of pectoral SS at
moderate and maximal intensity increases haROM, with slightly greater gains with maximal
intensity. These changes appear to be independent from changes in pectoral stiffness and PML,
and do not result in changes in FSP, suggesting that mechanisms other than muscle stiffness may
contribute to changes in ROM.
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Introduction

Static stretching (SS) is well established to acutely increase range of motion (ROM)>!7!,
However, the mechanisms underlying these alterations in ROM remain limited*. Increases in
ROM are commonly attributed to two primary mechanisms: increased mechanical muscle length

110.112.153.172 and increased stretch tolerance®®*. While reductions in

via reduced muscle stiffness
muscle stiffness are thought to directly increase ROM, some studies report increased ROM
without concomitant decreases in stiffness®, suggesting stretch tolerance may play a more
substantial role in increasing ROM.

Stretch tolerance refers to an individual’s ability to endure muscle elongation, likely due
to altered pain perception following SS7%173, Tt is often assessed using subjective pain/intensity
ratings*® or objective measures such as the peak passive joint moment at maximal ROM*!33,
Though research has suggested that increases to stretch tolerance contribute to increases in ROM
resulting from SS®#, how stretch tolerance responds to different SS intensities remains unclear.

SS intensity is a central exercise prescription variable based on subjective discomfort that
may impact the resulting effects of SS. Traditionally, SS intensity is prescribed below a painful
threshold yet still providing some level of discomfort!’. Current evidence on the effect of SS
intensity on ROM is inconclusive, with some studies reporting greater gains with higher intensity
SS12:2530-34 'while others find similar improvements compared to lower intensities®>>*!. Although
high intensity SS may enhance both ROM and stretch tolerance’??!, its effect on muscle stiffness
remains uncertain. Given that SS is clinically prescribed based on subjective patient discomfort,

it is imperative to understand how patient reported intensity influences outcomes such as ROM,

stiffness, and stretch tolerance.
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Most existing research prescribes SS intensity using participants’ point of discomfort
(POD) or maximal tolerable stretch (MTS). High intensity SS (100-120% MTS or POD)
decreases hamstrings'?2>3% and gastrocnemius?? stiffness relative to low intensity (at POD, or
between 50-80% MTS or POD). However, other studies report that low (1-2 out of 10 on a
numerical rating scale [NRS]) and high intensity (9-10 out of 10 on NRS) SS increase ROM
without changes in stiffness, suggesting that stretch tolerance may account for increased ROM™.
In contrast, high intensity SS (at MTS) for 10, 15, or 20s increased ROM and reduced
stiffness!’>. These inconsistent findings, often confounded by simultaneous modification of two
dose parameters (e.g., stretch intensity and duration)*%3238, make it challenging to isolate the
effect of SS intensity.

Moreover, the impact of different SS intensities in the upper limb is unknown as current
research has been conducted exclusively on lower-limb musculature. SS is commonly used to
lengthen the pectoral muscles, particularly pectoralis minor, which is associated with increased
forward shoulder posture (FSP)>*. FSP alters scapular kinematics>® and increases the risk of

48-53

developing shoulder pathology*®-. A single 30s pectoral SS at MTS can acutely reduce
pectoralis minor stiffness®; however, it is unclear whether pectoral SS impacts pectoralis major
stiffness, pectoralis minor length, FSP, or ROM, and whether these responses differ by SS
intensity. Thus, the primary objectives of the current study were to determine the impact of an
acute bout (3x30s) of pectoral SS at moderate and maximal intensity on: (1) a) pectoralis major
and minor stiffness, b) forward shoulder posture (FSP), ¢) pectoralis minor length (PML), and d)
maximal horizontal abduction range of motion (haROM), compared to a control (CON); and (2)

the relationship between the change in patient reported stretch intensities during SS and PRE-

POST changes in variables a-d.
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Additionally, stiffness can reflect the magnitude of tissue elongation during SS, with
increased stiffness resulting from greater muscle tension or stretch. While pectoralis minor is
effectively elongated following pectoral SS at POD?, it is unclear whether elongation (as
inferred by increased stiffness) differs during different SS intensities. Given that intensity is
primarily guided by patient sensation, it is critical to quantify the magnitude of elongation at
different perceived intensities. Thus, objective (3) was to determine whether the magnitude of
elongation (i.e., stiffness) of pectoralis major and minor differ during moderate and maximal SS
intensities.

Previous work has shown reductions in pectoralis minor stiffness following SS at POD%.
Our group previously demonstrated that low and moderate intensity pectoral SS decreases both
pectoralis minor stiffness and FSP, with greater reductions in FSP following moderate intensity
(Chapter 3). However, neither intensity affected pectoralis major stiffness or PML. As such, it is
hypothesized that (1) both SS intensities would decrease pectoralis minor stiffness and FSP
compared to a control, with maximal intensity decreasing FSP significantly more. Moreover, it
was hypothesized that PML and pectoralis major stiffness would remain unchanged across all
interventions, and that haROM would increase after moderate and maximal SS intensities, as
various intensities increase ROM?. It was further hypothesized that (2) changes in patient
reported intensity would be greater following maximal stretching, and would be positively
correlated with changes in FSP, but not with changes in muscle stiffness, PML, or haROM.
Finally, it was hypothesized that (3) pectoralis major and minor stiffness would be higher during

maximal SS intensity, indicating greater elongation.
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Methods

Experimental Overview

A repeated measures crossover design was conducted where participants attended two
experimental sessions at least 72 hours apart. During each session, participants were randomly
allocated to receive one of two different intensities (moderate and maximal) of a standing self-
administered pectoral SS to their dominant arm. A control condition was completed at the start of
each participant’s first session. Moderate and maximal SS intensity was determined using a
stretch intensity scale (SIS)!76. Pectoralis major and minor stiffness, FSP, PML, and haROM
were measured before (PRE) and immediately after (POST) each intervention. All experimental
procedures were approved by the University of Manitoba Research Ethics Board 1 and were
conducted in accordance with the Declaration of Helsinki!”’.
Participants

A priori sample size calculation (a=.05, =.8) determined 27 participants would be
required to detect an interaction between intervention (control, moderate and maximal) and time
(PRE and POST) at a moderate to large effect (np>=.1). A total of 37 individuals expressed
interest and were assessed for the following inclusion criteria: between 18-40 years old, no
recent history (< 6 months) of pain, injury, or orthopedic disorders to either arm; no diagnosed
neurological or musculoskeletal disorders; no contraindications to the use of ultrasound (i.e.,
pacemaker, allergy to transmission gel); no history (< 5 years) of participation in sport/activities
requiring extreme upper body ranges of motion (e.g., gymnastics, yoga, baseball pitcher); not
currently pregnant or breast feeding; and < 5 Beighton’s score for joint hypermobility.

Thirty (n=30, 15 female, 2614 years, 173.01+9.9 cm, 73.2+15.6 kg) participants were

eligible and completed both experimental sessions (Figure 10). Eligible participants handedness
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was determined using the Modified Edinburgh Handedness Index!”®. Prior to each session,

participants were asked to refrain from upper body resistance training for 48 hours and cannabis

and alcohol consumption for 24 hours.

Participant Recruitment
(n=37)
—[ Excluded (n=5) }
B) Randomization
[ Randomization (=32, 16 female) }
C) Visit 1

{ Control (n=16) ] [ Control (n=15) }

[ 60% (n=16) } [ 100% (n=15) }

><

‘ 60% (n=15) } [ 100% (n=15) }

[ Analyzed (n=30, 15 female) }

Figure 10. Consort Diagram

A) Thirty-seven participants were recruited and screened for eligibility, five were excluded as
they did not meet eligibility criteria. B) Thirty-two participants were eligible and had their
stretch intensity order randomized (60% or 100%). C) During the first visit, sixteen participants
(n=16) stretched at a moderate (60%) intensity and fifteen (n=15) stretched at a maximum
(100%) intensity. One participant was released and did not complete Visit 2 due to poor
ultrasound image quality at the PRE-control measurement phase. D) Thirty participants returned
for Visit 2 where they received the opposite stretch intensity as visit 1. One participant did not
complete Visit 2 as they sustained an injury between visits. E) All data collected from 30
participants for every outcome variable was analyzed.
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Figure 11. Timeline Schematic of Experimental Protocol

A) Participants were screened and if confirmed eligible, provided their informed consent. They were randomly assigned which
intervention they received during each visit. B) Prior to completing the pre-control measurements, participants’ age, sex assigned at
birth, height, and weight were collected. Pre-control measurements (pectoralis major and minor stiffness via shear wave elastography

&3



EFFECT OF PECTORAL STATIC STRETCH INTENSITY

(SWE), pectoralis minor length, forward shoulder posture (FSP), and maximum shoulder horizontal abduction range of motion
(haROM)) were taken. C) The control condition had participants rest for 150s after pre-control measurements. D) Post-control
measurements followed the same protocol as B. E) After a 5-minute rest to reduce cross-over effects from the first set of measurements,
participants then completed pre-intervention measurements in the same manner as B. F) Participants then completed their randomized
stretch intensity intervention at either 60 (moderate) or 100 (maximal) on the stretch intensity scale for three sets of 30s with 30s
intervals of rest between stretching bouts. At the beginning and end of each bout (denoted by the *), participants rated their perceived
intensity of the stretch. G) Post-intervention measurements were conducted in the same manner as B and E. H) Participants returned
for a second session a minimum of 72 hours after their first visit and completed phases E-G for the other stretch intensity on the same
arm.
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Procedures

During the first session, once informed consent was obtained, SS intensity (moderate and
maximal) order was randomized according to a randomization schedule. Participants’ reported
their height, weight, age, and sex assigned at birth. Pectoralis major and minor stiftness (shear
wave velocity, SWV), FSP, PML, and haROM was measured before (PRE) and immediately
after (POST) each intervention on the dominant side, including a control condition completed at
the beginning of the first experimental session (Figure 11).

Shear Wave Elastography

Pectoralis major and minor stiffness were captured using SWE (Logiq E10s, GE,
Mississauga, Ontario, Canada; Figure 12) using a 2-10 MHz transducer (XDclear linear probe,
GE, Mississauga, Ontario, Canada). A single, trained researcher applied transmission gel to
couple the transducer with the skin approximately 1-inch below the clavicle and lateral to the
sternal edge. Transducer location for each muscle was determined using B-mode ultrasound,
where muscle fibres were aligned longitudinally so they appear parallel. These locations were
marked with permanent marker to ensure consistency between measurements within a given
session.

Shear wave mode produced a colour-coded map of shear wave velocity (SWV) within the
region of interest (ROI). The ROI was maximized for each muscle within the myofascial borders
that still produced a clear SWV map free from artifact (none or very little monochromatic
artifact). With participants seated in a 30° reclined position, one, ~10s elastogram was acquired
for each muscle. This position has been previously demonstrated to keep pectoral muscles
relaxed and displace breast tissue, as both contraction and breast tissue may influence stiffness

measurements (Chapter 3). Participants took a deep breath in, exhaled for a count of 3s, and then
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held their breath for ~10s as the elastogram was taken to limit movement®. Three high-quality

images with the least amount of artifact were saved from each elastogram and used for analysis

(Figure 12C and D).

Figure 12. Shear Wave Elastography

A) Shear wave elastography (SWE) was used to measure the stiffness of pectoralis major and
minor. Measurements were taken with participants sitting on a plinth reclined at 30 degrees. A
bolster was placed under their knees, and they were instructed to relax their arms at their sides
during measurements. B) The 2-10 MHz transducer was held parallel to the muscle fibres of the
muscle being measured, approximately 1 inch lateral from the sternal edge and 1 inch inferior to
the clavicle. These positions were determined with the ultrasound in B-mode and marked on the
skin with a black marker. Images were taken in shear wave mode for pectoralis major (C) and
minor (D), in which the region of interest (ROI) was superimposed over the B-mode image over
the largest area possible within the muscle. SWE measurements produce a colour-coded map
with colours ranging from dark blue to red. Images were taken while participants held their
breath, they were instructed to inhale, exhale for 3 seconds, then hold at the bottom of their
breath for approximately 10 seconds. Approximately 8-10 images were taken, and 3 high-quality
images with little blank space (i.e., artifact) were saved for analysis.

Forward Shoulder Posture (FSP)

FSP was measured using the double-square method, which has moderate to good
reliability compared to gold standard radiography'”. Standing with the back against a wall in a
relaxed posture (i.e., not correcting their posture), a modified combination square measured the

distance from the wall to the marked acromion process. This measurement was conducted three
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times where the average was used for analysis. Between each measurement, participants were
instructed to step forward and shake their arms to reset their posture.
Pectoralis Minor Length

PML was measured while the participants laid supine. Participants had their coracoid
process and anterior-inferior edge of the 4" rib 1 finger-width lateral to the sternum landmarked
and marked with permanent marker. A flexible measuring tape was used to measure this distance
3 times, where the average of the 3 measurements was used for analysis.
Horizontal Abduction Range of Motion

Horizontal abduction range of motion (haROM) was measured in a standing position
where participants horizontally abducted their shoulder against an upright post that served as a
stretching apparatus (Figure 13). Standing next to the apparatus, participants flexed and
abducted their elbow and shoulder to 90°, respectively, placing their forearm against the
apparatus. They were directed to take steps forward to horizontally abduct their shoulder until
they reached a 100 on a stretch intensity scale (SIS). The SIS is a validated tool for prescribing
stretch intensity!’® (Figure 14) and ranges from 0 (no stretch) to 150 (maximal achievable range
of motion with pain) and uses 100 as the maximal range of motion achievable before pain

onset!7°

. Once the participant reported a 100, a researcher stationed behind them used a
goniometer to measure the angle of horizontal abduction. The same researcher conducted all
goniometric measurements, as goniometry has high intra-rater reliability!®’. After the haROM

angle was measured, the participant returned to the starting position. This was repeated for a total

of three measurements where the average was used for analysis.
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'

Figure 13. haROM and stretching position

A) Participants stood next to the stretching apparatus with their shoulder abducted and elbow
flexed to 90 °, respectively, resting their forearm against the vertical post. B) A researcher was
positioned behind and above the participant holding a goniometer. The researcher marked the
participants lateral arm (as indicated by the arrow) for a consistent measurement location for
the goniometer s arm.

The participant was instructed to take steps forward until they felt a stretch of 100 on the stretch
intensity scale (SIS). The goniometer s arm was moved to align with the mark on the participant s
arm and the haROM angle was recorded. This was repeated three times, and the average was
used for analysis.

Almost Almost
None Very little maximal supramaximal

0 20 30 40 50 60 70 80 90 110 120 130 140 150

l [ | | | 1 | L1 1 | | | |

I 1 I I 1 U I LI I I I 1 1

Moderate
100 Supramaximal
Maximal *maximal achievable

*w/o pain

Figure 14. Stretch Intensity Scale
Adapted from Freitas et al. (2015)'7¢
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Control Condition

At the first session after PRE measurements, participants then rested for 150s in a seated
position on a plinth for a control condition. POST measurements were taken after the control
condition. Following a 5-minute rest period, PRE measurements were taken again prior to
completing the first SS intervention.

Stretch Intervention

After 5-minutes of rest and a second set of PRE-measurements, participants completed
three repetitions of a moderate or maximal intensity 30s SS at 60 or 100 on the SIS, respectively,
in the same position as haROM (Figure 13). For the moderate intensity, the participants
horizontally abducted their arm until they reported a 60 on the SIS. This angle was measured
with the goniometer and recorded. For the maximal intensity, the average haROM angle from the
PRE measurements was used (n=6 participants reported their perceived intensity was less than
100 at the start of their first stretching bout; range: 70-98). Once the prescribed intensity was
reached, that position was held for the first 30s. After 30s, the participant released the stretch and
stood with their arms by their side for 30s. This was repeated for a total of 3 SS bouts of 30s, and
the angle for each bout of stretching for a given intervention was held constant.

At the start (~1s) and end (~29s) of each stretching bout, participants reported their
perceived stretch intensity using the SIS to capture changes in perceived stretch intensity.
Experimental Session Two

Participants attended a second experimental session where the same procedures were
followed except participants received the second SS intensity and no control condition was

collected. Experimental sessions were a minimum of 72-hours apart (Figure 11E-H).
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Magnitude of Elongation During Stretching

To determine the magnitude of elongation of the pectorals during the two SS intensities, a
subset of participants (n=10, 5 female; 26+4 years) attended an additional session where
pectoralis major and minor stiffness were measured during both SS intensities in random order.
Following the same methods of the two experimental sessions, participants first sat reclined on a
plinth while a single, trained examiner located and marked the probe locations of the pectoralis
major and minor of the dominant limb. Participants then assumed the starting position of the SS
intervention against the stretching apparatus (90° of elbow flexion and shoulder abduction,
forearm against the post). The probe was placed over the marked location for pectoralis major,
and participants then stretched to either a 60 or 100 on the SIS, based on the randomization
order. This position was held until three high-quality images were taken. A goniometer was used
to measure the degree of haROM as described previously. Before measuring pectoralis minor
stiffness at the same angle, participants were asked to rest for two-minutes with their arms by
their side. After pectoralis minor stiffness elastograms were taken, a five-minute rest was
provided, and the same procedure was followed for the second stretch intensity.
Data Processing

Velocity (m/s) of shear wave propagation generated by the system software was used to
quantify stiffness. An investigator blinded to SS intensity closely examined all three images
extracted from each elastogram for artifact and measured the largest possible area within the
ROI. The diameter and location of the measurement within the ROI was kept consistent between
images for the same timepoint for a given participant. The average of the three SWV

measurements from each elastogram were used for analysis.
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Statistical Analysis

Statistical analyses were performed using SPSS (v25, Chicago, Il, USA) by a blinded
investigator. The Shapiro-Wilk test was used to determine normality where data were normally
distributed if p>.05. Outliers were studentized residuals greater than +3 standard deviations.

To achieve objective 1, a 3x2 (intensity*time) repeated measures ANOVA was conducted
on all dependent variables. Data that were not normally distributed underwent transformation.
ANOVA post-hoc pairwise comparisons were conducted on significant interactions using a
Bonferroni correction. Small, medium, and large effect sizes were interpreted as: np>= 0.01,
0.06, and 0.14, respectively; d= 0.2, 0.5, 0.8, respectively '8°.To achieve objective 2, Pearson
Correlations were conducted on changes in perceived intensity (start of first stretch bout to end
of third stretch bout) and PRE to POST changes of all dependent variables. Non-parametric
Spearman rank-order alternative tests were conducted if data were not normally distributed for
the correlation analyses. The change in patient reported stretch intensity was considered the
difference from the beginning of the first stretching bout to the end of the last stretching bout.
This was correlated to the PRE-POST difference for each dependent variable, calculated by
subtracting PRE measures from POST measures. A negative change represents a decrease in a
dependent variable. Pearson Correlation coefficients (r) were interpreted as: weak <0.3,
moderate=0.3-0.5, and strong >0.5. To achieve objective 3, paired samples z-tests were
conducted on stiffness measurements during moderate and maximal SS intensities for both
pectoralis major and minor. Data were considered statistically significant if p<.05. All data is
presented as mean * standard deviation unless otherwise stated.

Intrasession reliability of the dependent variables were determined by a two-way mixed

model absolute agreement intraclass correlation using both PRE-measurements from the first

91



EFFECT OF PECTORAL STATIC STRETCH INTENSITY

experimental session. Intraclass correlations 0f<0.5, 0.5-0.75, 0.75-0.9, and >0.9 indicated poor,

moderate, good, and excellent reliability, respectively!8!.

Results

Intraclass correlations for haAROM were good (Cronbach’s a=.849), and excellent for FSP
(0=.930), PML (0=.994), pectoralis major (a=.978) and minor stiffness (a=.934).

For objective 1, outliers were found in haROM, pectoralis major SWV, and pectoralis
minor SWV, and not normally distributed (p<.05). A log10, square root, and inverse
transformation was applied to pectoralis major and minor SWV which did not correct
distribution (p<.05). Thus, all analyses were conducted on non-transformed data. There was a
significant 2-way intervention by time interaction for haROM, F(2,58)= 58.195, p<.001,
Np>=.667 (Figure 15; Table 5). Main effects of both treatment (p=.029) and time (p<.001) were
significant. Pairwise comparisons revealed haROM significantly decreased following the CON
intervention (p<.001, mean difference -2.6°, 95% CI -1.6° to -3.6°), while haROM significantly
increased following moderate SS (p<.001, mean difference 2.7°, 95% CI 4.0° to 1.4°) and

maximal SS (p<.001, mean difference 4.8°, 95% CI 5.9° to 3.7°).
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Figure 15. Horizontal Abduction (haROM) before (PRE) and after (POST) 3x30s of
Pectoral Static Stretching at Moderate (60/100) and Maximal (100/100) Stretch
Intensities.

n= 30, haROM= horizontal abduction range of motion
*denotes significant pairwise comparison

There was no significant interaction for pectoralis major stiffness, pectoralis minor
stiffness, FSP, or PML (Figure 16 & 17). There was no significant intervention or time main
effects for pectoralis major or pectoralis minor stiffness. There was a significant main effect of
time on PML (p=.020, mean difference .07cm, 95% CI .01 to .12) and FSP (p<.001, mean

difference -.17, 95% CI -.25 to -.09; Figure 18).

93



EFFECT OF PECTORAL STATIC STRETCH INTENSITY

Pectoralis Major Stiffness Pectoralis Minor Stiffness
» °7 w 7
é §, 3 PRE
> > = POST
3 =
o L)
> S
[ (]
© &
= =
© ®
[ (]
L <
) »o

CON MOD MAX CON MOD MAX

Figure 16. Pectoralis Major and Minor Stiffness before (PRE) and after (POST) 3x30s of
Pectoral Static Stretching at Moderate (60/100) and Maximal (100/100) Stretch Intensities.
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Figure 8. Pectoralis Minor Length (PML) and Forward Shoulder Posture (FSP) before (PRE)
and after (POST) 3x30s of Pectoral Static Stretching at Moderate (60/100) and Maximal
(100/100) Stretch Intensities.

n= 30, *denotes a main effect of time

For objective 2, data were not normally distributed for changes in pectoralis minor
stiffness at moderate (p<.001) and maximal (p=.005) intensities. As such, a Spearman Rank
correlation was conducted on the relationship between changes in perceived intensity and

pectoralis minor stiffness. There was a significant correlation between changes in perceived
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intensity and haROM at maximal stretch intensities (r=-.461, p=.010), indicating that a decrease
in perceived intensity from first to last stretch was moderately correlated with an increase in
haROM (Table 6). Changes in perceived intensity were not significantly correlated with changes

in any other variables at any stretch intensity.
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Table 5. Descriptive Statistics and Two-way (Intervention*Time) ANOVA Results

Variable Control Moderate Maximal f » 2 B
PRE POST PRE POST PRE POST P

Pec Maj SWE (v/s) | 2.87(.69) 2.96(.85) 2.99(.62) 3.06(.80) 2.80(.48) 2.96(.51) 197 821 .007 079

Pec Min SWE (v/s) | 2.28(.65) 2.17(.47) 2.21(.65) 1.99(.49) 1.99(.63) 2.09(.74) 1.3 280 043 271

PML (cm) 14.36(1.35) 14.37(1.34) | 14.28(1.28) 14.68(1.31) | 14.25(1.33) 14.35(1.3) | 1.241 297 041 260

FSP (cm) 11.1(1.4) 10.8(1.6) 10.9(1.6) 10.7 (1.6) 10.9(1.6) 10.8(1.6) | 1.809 | .173 059 363

haROM (degrees) 105(5) 103(5) 104(5) 107(6) 103(5) 108(5) 58.195 | <.001* | .667 1

60= moderate intensity SS; 100= maximal intensity SS; cm= centimeters; FSP= forward shoulder posture; haROM= horizontal
abduction range of motion; m/s= velocity, meters per second; Pec= pectoralis; PML= pectoralis major length; POST= Post-SS
measurement; PRE = Pre-SS measurement; SWE=shear wave elastography. * p<.001

Table 6. Correlations between Change in Perceived Intensity from First to Last Stretch and PRE-POST Changes in Stiffness,
Pectoralis Minor Length, Forward Shoulder Posture, and Horizontal Abduction Range of Motion for Moderate and Maximal

Stretch Intensities

Vari A POST-PRE Corf'elatio.n with A perceived A POST-PRE Corl:elatio.n with A p.erceived
ariable intensity at moderate . intensity at maximal
moderate s p maximal p p
Pec Maj SWE (m/s) .07 (.66) 179 -.053 .16 (.53) 274 -.206
Pec Min SWE (m/s)* -.23 (.64) .540 116 .1(.92) 594 -.101
PML (cm) .09 (.16) 156 265 1(34) 810 .046
FSP (cm) -2(4 119 291 -.1(4) .08 325
haROM (degrees) 34) .884 -.028 5(0) .010* -461
Perceived Intensity 9 (15 - - 17 (17) - -

60= moderate intensity SS; 100= maximal intensity SS; cm= centimeters; FSP= forward shoulder posture; haROM= horizontal
abduction range of motion; m/s= velocity, meters per second; Pec= pectoralis; PML= pectoralis major length; POST= Post-SS
measurement; PRE = Pre-SS measurement; = Pearson » or Spearman rho; SWE=shear wave elastography; A= change score;
1= spearman rank correlation; * p<.05 (Negative values represent a decrease from PRE to POST)
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A paired samples #-tests exploring the change of perceived intensity demonstrated a significant
difference between moderate (decrease of 9+15) and maximal (decrease of 17£17) stretch

intensities, #(1,29)=-3.52, p=.001, d=-.643.

For objective 3, there were no outliers and data was normally distributed. Stiffness did not
differ between stretching at moderate or maximal intensities on the SIS for pectoralis major,

#(1,9)=.0694, p=.946, d=.0219, or pectoralis minor, #1,9)=-.619, p=.551, d=-.196 (Table 7).

Table 7: Pectoralis Major and Minor Stiffness During Moderate and Maximal Stretch
Intensity

Mean (Standard Deviation)
MOD MAX

Pec Maj SWE (m/s) | 7.46 (1.55)| 7.42(1.55) | 0.0694 | 0.946 | 0.0219

Variable t ) d

Pec Min SWE (m/s) 3.8 (1.0) 4.0 (0.68) -0.619 | 0.551| -0.196

m/s= velocity, meters per second; Maj= major; Min= minor; MOD= moderate intensity SS;
MAX= maximal intensity SS; Pec= pectoralis; SWE=shear wave elastography

Discussion

This study had three objectives: 1) determine the impact of two intensities of acute
pectoral SS to asymptomatic shoulders on pectoral stiffness, FSP, PML, and haROM, compared
to a control condition; 2) examine the relationship between changes in patient reported stretch
intensity during stretching and changes in these same variables from PRE to POST; and 3) assess
the difference in stiffness, and thus elongation, of pectoralis major and minor during MOD and
MAX SS intensities. The major findings of the current work are that: 1) both SS intensities
increased haROM compared to the control; however, no significant changes were found in
pectoral stiffness, FSP, or PML compared to a control; 2) There was a significant moderate

negative correlation between changes in perceived intensity and changes in haROM at maximal
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SS intensity. No significant correlations were found for haROM at moderate SS, or between
changes in perceived intensity and changes in pectoral stiffness, FSP, or PML; and 3) Opposing
our hypothesis, there were no significant differences between the shear wave velocity at
moderate or maximal for either muscle.

Horizontal abduction ROM increased similarly following moderate and maximal pectoral
SS, which is consistent with prior work showing that both high and low SS intensities increase
ROM similarly*!!. To the authors’ knowledge, this is one of the first studies to investigate SS
intensity in the upper body, likely due to challenges using standardized equipment such as
isokinetic dynamometers with the upper limb. Our group previously examined a 3x30s therapist-
administered pectoral SS at low and moderate intensity (110% and 120% of a baseline ROM) but
found no changes in haROM (Chapter 3). Methodological limitations, including passive haROM
measurement without external overpressure, use of a non-validated stretch intensity scale, and
insufficient stretch intensity, may explain the absence of effect. In contrast, the present study
employed more rigorous methods, including a maximal pain-free ROM measurement and more

intense SS protocols prescribed by a validated intensity scale!’¢

, resulting in significant increases
in haROM. These findings align with the broader literature demonstrating that different SS
intensities elicit comparable improvements in ROM?>!7!,

While our findings support prior evidence that ROM can increase following SS
regardless of intensity, they also suggest a potential dose-response effect between stretch
intensity and ROM, with average haROM increasing ~2° more following maximal. Prior work
has shown that the magnitude of ROM gains are larger with higher SS intensities!?2>30-33, A

potential mechanism is enhanced stretch tolerance, reflected by a larger reduction in perceived

intensity after maximal SS (-17/100) compared to moderate SS (-9/100). Although the
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mechanism underlying increased tolerance remains unclear!8?, proposed contributors include
altered pain perception, neural adaptations, greater willingness to tolerate discomfort, and
expectancy effects!83184. Our results align with a recent systematic review stating that evidence is
inconclusive?®; however, methodology heterogeneity, such as varied intensity prescriptions (e.g.,
point of discomfort, point of pain, point before discomfort, etc) and manipulation of both stretch
intensity and duration, complicates comparisons of SS intensity across studies. Additionally,
prior research has largely involved male participants (~82%), limiting generalizability relative to
our balanced sample (50% female). Evidence regarding sex-based differences in ROM
adaptations to acute SS is mixed, with some studies reporting differences!®> and others finding
none!86187 While female flexibility is influenced by hormonal fluctuations across the menstrual

cycle!'®

, muscle stiffness, tolerance to muscle stretch, and muscle slack length is not influenced
by phases of the menstrual cycle!®3. As such, it is unknown if female responsiveness to SS varies
across the menstrual cycle. Because we did not control for cycle phase, such fluctuations could
have contributed to variability in our results and may partly explain the null findings reported in
previous studies. A clearer intensity-response relationship may emerge if standardized methods
of prescribing SS intensity are applied, intensity is isolated from other dose variables (e.g.,
duration), and sex-specific factors such as menstrual cycle timing are controlled. Future research
should aim to disentangle these factors and clarify the mechanisms underlying stretch tolerance
and ROM adaptation to better inform evidence-based stretching prescriptions.

Although both intensities produced meaningful and similar improvements in haROM, our
findings may suggest a potential dose-response relationship, with maximal intensity eliciting

slightly greater gains. This pattern may indicate that mechanistic variables such as stretch

tolerance and stiffness may respond differently across intensities, contributing to greater ROM
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improvements at higher intensity. However, examination of individual changes scores (Figure
15) revealed considerable variability in responses, with some participants showing increases in
ROM while others exhibited little change or even decreases. As such, it is evident that these
ROM adaptations are not uniform and vary considerably between individuals, emphasizing the
importance of accounting for inter-individual variability and baseline characteristics when
prescribing interventions. Clinically, both moderate and maximal intensities can be effective for
improving ROM, but maximal stretching may yield greater benefits. Therapists should therefore
monitor individual responses and adjust prescriptions accordingly to optimize outcomes.
Muscle stiffness contributes to extensibility and, in turn, joint ROM. Reductions in
stiffness are a purported mechanism underlying ROM gains, and have been reported following
SS76.110.112.189.190 Ty the present study, however, ROM increased without concomitant reductions
in pectoral stiffness at either intensity. This contrasts previous work that reported decreased
pectoralis minor stiffness after 30- and 90-seconds of horizontal abduction SS at 135° of humeral
elevation with external rotation to maximal, pain-free ROM%*. Methodological differences may
explain this discrepancy. Specifically, Umehara’s stretch position (135° of humeral elevation
with external rotation) may have imposed a more effective stretch on the pectoralis minor,
compared to our stretch position of 90° of humeral elevation without added external rotation,
leading to stiffness reductions. Secondly, Umehara assessed stiffness at 90° of arm elevation
while the current work measured stiffness at rest. Assessing stiffness in a tensioned state (i.e.,
beyond slack length) may increase sensitivity to detect changes. Prior studies have shown
stiffness reductions at various muscle lengths during SWE, including at rest'®!, and in both
lengthened??*!12 and shortened!*? positions. While stiffness has been reported to not vary below

slack length following SS'*°, changes in stiffness measured at various lengths appear to be
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muscle dependent!'®3. It is therefore possible that changes would have been observed had we
measured stiffness in a more tensioned position, as found by Umehara et al. Notably, our
intervention may have increased slack length, or the joint angle in which passive tension begins

to develop!'*+!%

, contributing to the observed increases in ROM despite unchanged stiffness at
rest.

Interestingly, we previously reported reductions in pectoralis minor stiffness following
low- and moderate-intensity SS, despite using the same measurement position as in the current
study. This inconsistency highlights methodological challenges, particularly the lack of
standardization in SWE. Unlike electromyography, where values are often normalized to a
reference (e.g., maximal voluntary contraction), SWE is traditionally reported in absolute terms,
historically limited by saturation thresholds (i.e., upper measurement limits). With recent
advances allowing higher saturation ceilings, relative stiffness normalization is now more
feasible!*®. Future studies should pursue standardized approaches to SWE quantification to
improve comparability across investigations.

We hypothesized that pectoral SS would elongate pectoralis minor and thereby increase
ROM. The observed time main effect on PML suggests that SS, performed at either moderate or
maximal intensity, did not alter PML relative to the control condition. Although PML did not
change at rest, it is possible that the extensibility increased, contributing to the observed
improvements in haROM. Measuring PML at maximal haROM, rather than at rest, may have
revealed significant SS-induced lengthening.

Shortened PML has been shown to alter scapular kinematics®® and is commonly observed
in individuals with shoulder pathology!®’. Furthermore, reduced PML is associated with

increased FSP>#, which in turn is thought to contribute to abnormal scapulohumeral rhythm,
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subacromial impingement, and glenohumeral instability, thereby elevating shoulder injury
risk!®®. Consequently, lengthening pectoralis minor remains a key objective in many shoulder
injury preventive and rehabilitation programs.

Although the SS position used in the present study effectively lengthens pectoralis minor
during stretching®, the implemented dose may not have been sufficient to elicit changes at rest
following stretching. Previous literature has reported increases in PML following 90° of
horizontal abduction SS for 2x30s at end range in asymptomatic swimmers'®2, 5x30s in
basketball players'®®, 4x30s combined with a scapular posterior tilting exercise in those with
short pectoralis minors®3, and twice-daily SS for 14 days in those with moderate forward head
and rounded shoulders®”. These findings suggest that our protocol (3x30s at 90° of horizontal
abduction) was likely sufficient to lengthen pectoralis minor, particularly at maximal intensity,
but the effect may be population specific. Because our participants were not recruited or
stratified based on sport, posture, or baseline muscle length, sample heterogeneity may have
obscured potential effects. Further investigation is warranted to examine whether stretch dose or
participant characteristics (e.g., posture, sport, baseline muscle length) are primary factors
influencing responsiveness of pectoralis minor to SS.

Posture is adaptive, developing through habitual or repetitive positions or activities?!, and
FSP is similarly complex and multifactorial. Pectoralis minor length is only one of several
contributing factors. For example, muscle imbalances or weakness in the periscapular and

cervical muscles, repetitive overhead movements??

, prolonged and repetitive positions (e.g.,
office workers, texting), previous injuries, other postures such as thoracic kyphosis or forward

head posture>*, psychological factors such as depression®®? or self esteem?*4, and demographic or

lifestyle factors such as age, gender, physical activity and BMI2%-2% may all contribute to the

102



EFFECT OF PECTORAL STATIC STRETCH INTENSITY

development of FSP. While FSP has been associated with decreased subacromial space and

207

altered scapular kinematics*"’, its direct role in shoulder pathology remains unclear. Indeed,

several studies report no relationship between posture and shoulder injury®>2%-210 and some
argue that “ideal posture” is uncommon and unrealistic?!!-213,

In the present study, pectoral SS did not reduce FSP more than a control condition,
highlighting its variability and dynamic nature. A more comprehensive rehabilitative approach,
encompassing stretching, strengthening, and other corrective exercises, may be necessary to
meaningfully improve FSP?'4. Future research should investigate the impact of FSP on the

development of shoulder pathology, whether FSP severity influences shoulder pathology risk,

and whether reducing FSP translates to meaningful reductions in shoulder injury risk.

Limitations

These results should be interpreted considering further limitations than those previously
discussed. First, generalizability is limited, as our sample consisted of younger adults with
asymptomatic shoulders and such results may not extend to older or symptomatic populations.
Second, the maximal intensity SS intervention was standardized to each participant’s average
pre-measurement haROM angle, which may not have fully reflected their transient maximal
intensity at the time of stretching. In contrast, the moderate intensity condition allowed
participants to determine intensity in real time. Finally, stretch intensity is inherently subjective
and difficult to control, as individual perceptions of intensity can vary substantially, potentially

leading to inconsistencies in the implementation of SS protocols.

Conclusion

This study demonstrated that both moderate and maximal intensity SS of the pectoral

muscles acutely increased haROM in asymptomatic shoulders, with maximal stretching eliciting
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slightly greater gains. These improvements occurred without concomitant reductions in
pectoralis major or minor stiffness, pectoralis minor length, or forward shoulder posture,
suggesting that mechanisms other than muscle stiffness, such as enhanced stretch tolerance or
altered slack length, may underlie ROM changes. Clinically, both moderate and maximal
intensities appear effective, though maximal stretching may result in greater ROM gains in some
individuals. Future research should examine inter-individual variability in response to SS,

particularly across different intensities, to better inform evidence-based stretching prescriptions.
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Chapter 5: Beyond Group Means: Individual Responsiveness to Moderate and Maximal
Pectoral Static Stretch Intensities
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Abstract

Static stretching (SS) is well-established to increase range of motion (ROM) at the group level;
however, considerable inter-individual variability exists in physiological responses to exercise
interventions. To optimize individual exercise prescriptions, it is important to understand
variability in responsiveness to SS and identify factors associated with meaningful changes. This
study examined the incidence of individual responses to different intensities of pectoral SS on
forward shoulder posture (FSP), pectoralis minor length (PML), horizontal abduction ROM
(haROM), and pectoral stiffness. It also explored whether baseline values differed between
responders and non-responders, and how these influenced the magnitude of change. Thirty
participants (n=30) completed two experimental sessions consisting of a control condition
(CON) and two pectoral SS intensities: moderate and maximal. Pectoralis major and minor
stiffness, PML, FSP, and haROM were measured before and after each intervention. The CON
involved 150s of rest, while the SS interventions consisted of three 30s standing doorway
stretches. Responders were defined as individuals demonstrating changes at least two times the
typical error in the desired direction calculated from CON. Following moderate intensity, 43% of
participants experienced a meaningful increase in haROM, compared to 70% following maximal
intensity. Similarly, 37% and 40% of participants demonstrated meaningful increases in PML
after moderate and maximal SS, respectively. Response rates for pectoralis major and minor
stiffness and FSP were negligible but exhibited substantial inter-individual variability. No
differences were found in baseline values between responders and non-responders; however, a
moderately positive relationship was observed between baseline haROM and change in haROM.
Higher stretch intensity increased the likelihood of meaningful ROM improvements, yet
substantial inter-individual variability was evident across outcomes. These findings underscore
the importance of individualized tailoring of SS interventions to optimize clinical outcomes.
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Introduction
Static stretching (SS) is a widely prescribed intervention to increase range of motion
(ROM), with a large body of evidence demonstrating group-level improvements in ROM

through mechanisms such as decreased stiffness and/or increasing stretch tolerance*®153:172:215-

217 Although group-level analyses demonstrate improvements in ROM following SS, significant

variation exists in individual responses, which are often concealed by overall group effects''®,
Individual response incidence is rarely reported, with only one study to date examining
individual responsiveness to an acute bout of SS. Dobija et al., (2024) found that, despite
significant group-level improvements in hamstring ROM following SS in individuals with
chronic low back pain'!®, only 31% of participants were classified as responders®*. Similarly, in
our own work, we observed significant average increases in ROM following both moderate and
maximal intensity pectoral SS, yet several participants experienced no change or a decrease in
ROM (Chapter 4, Figure 15). Likewise, although pectoralis minor stiffness decreased at the
group level, only a small percentage of individuals (10% for low intensity, 30% for moderate
intensity) were considered responders?!8,

Clinically, identifying individual response patterns and non-response is essential for
advancing personalized exercise prescription and rehabilitation strategies, leading to increased
interest in classifying individuals as “responders” or “non-responders.” A non-responder is
defined as someone whose change in a given outcome does not exceed the expected
measurement error or predefined threshold derived from a control condition'*32!°, One common
method of classifying response uses the typical error (TE) to determine whether a change

exceeds measurement error!?’:12%132_ Calculating TE in response to a control condition enables

researchers to differentiate genuine changes in a given variable in response to an intervention as
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opposed to changes that occur randomly, such as biological variability, measurement error, or
placebo effects??’. For example, a non-responder to a SS intervention is an individual whose
change in ROM does not exceed the measurement error, or falls below a defined threshold of
meaningful change, including no change, a small change below the threshold, or a decrease in
ROM.

To date, it remains unclear whether responsiveness to SS occurs uniformly across
multiple outcome variables, whether response rates differ by SS intensity, and whether baseline
characteristics distinguish responders from non-responders. Moreover, no studies to our
knowledge have explored individual responses to upper-body SS. Thus, the primary objective of
the current study was to: 1) determine the incidence of individual response or non-response of
horizontal abduction range of motion (haROM), pectoralis minor length (PML), pectoralis major
and minor stiffness, and forward shoulder posture (FSP) to moderate and maximal pectoral SS
intensities. Secondly, identifying baseline characteristics that differentiate responders from non-
responders may help to explain the variability in SS outcomes and inform more individualized
stretching prescriptions. Therefore, a secondary objective was to: 2) determine the difference in
baseline data of dependent variables with a meaningful number of responders compared to non-
responders to moderate and maximal intensities of pectoral SS. We hypothesized that: 1) given

the low response rates reported previously®*2!8

and the results of my previous work (Chapter 3
and 4), individual response incidence for both SS intensities will be low for all variables and
greater response rates will occur with higher SS intensities for FSP, while response rates will be
similar for PML and haROM; 2) baseline values will differ between responders and non-

responders for a given variable. Lastly, it is plausible that individual baseline values could

determine the amount of change observed for a given variable. Therefore, a final objective was to
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3) explore the relationship between participants’ baseline values for each outcome variable and
the amount of change they experienced following the SS intervention (i.e., rate dependence).
Given that baseline value affects the magnitude and direction of response or change in an

outcome variable following an intervention!>!5

, we hypothesized that: 3) there will be a rate-
dependent effect between participants’ baseline values and change in all outcome variables.
Methods
Experimental Overview

A repeated measures crossover design was conducted to determine individual responses
in ROM, pectoralis major and minor stiffness, and forward shoulder posture (FSP) following two
pectoral SS at two intensities (moderate and maximal). Participants attended two experimental
sessions separated by at least 72 hours, where one SS intensity was delivered to the dominant
arm (identified using the Modified Edinburgh Handedness Index!’®) at each session in a
randomized order (Figure 17). A control intervention where the participants rested for 150
seconds was completed at the start of their first session. Pectoral stiffness (major and minor shear
wave velocity, SWV), FSP, PML, and horizontal abduction ROM (haROM) were measured
before (PRE) and after (POST) each SS intervention. All experimental procedures were approved
by the University of Manitoba Research Ethics Board and were conducted in accordance with the

Declaration of Helsinki!”’

. All SS and outcome measurements were delivered to the participants’
dominant arm.
Participants

This was a retrospective analysis of a larger study (Chapter 4), where 24 participants

were required for recruitment. Thirty-seven individuals from the University of Manitoba and

surrounding community expressed interest in participation. To participate, participants had to be
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18-40 years old with no recent history (< 6 months) of pain, injury, or orthopedic disorders to
either arm; have no diagnosed neurological or musculoskeletal disorders; no contraindications to
the use of ultrasound (i.e., pacemaker, allergy to transmission gel); no history (< 5 years) of
participation in sport/activities requiring extreme upper body ranges of motion (e.g., gymnastics,
yoga, baseball pitcher); not currently pregnant or breast feeding; and not considered hypermobile
(< 5 Beighton’s score). To account for attrition and data errors, 30 participants (#=30, 15 female,
2614 years, 173.04£9.9 cm, 73.2+15.6 kg) were eligible and completed both experimental
sessions.
Session One Overview

Prior to each session, participants were asked to refrain from upper body resistance
training for 48 hours, and cannabis and alcohol consumption for 24 hours. Once informed
consent was obtained, each participants self-reported their height, weight, age, and sex assigned
at birth. Pectoralis major and minor stiffness, PML, FSP, and haROM were taken PRE and POST
the SS and control (CON) interventions. Further details of methods can be found in Chapter 4.
Participants completed CON at the beginning of the first visit, where PRE measurements were
taken, followed by 150s of rest (Figure 17) and POST measurements. A five-minute rest was
provided as a washout period, followed by PRE measurements, the first randomized SS intensity

(moderate or maximal), and POST measurements.
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Figure 17. Schematic of Experimental Protocol

A) Once screened, eligible participants provided informed consent and received stretch intensity order randomization. B) PRE-
intervention measurements: shear wave elastography (SWE) of pectoralis major and minor, pectoralis minor length, forward shoulder
posture, and horizontal abduction range of motion were taken. C) Participants completed a control intervention where they rested for
150s. D) POST-intervention measurements were taken following the same procedures of PRE measurements (B). E) Participants
rested for 5 minutes before F) completing PRE-intervention measurements again. G) A moderate (60) or maximal (100) on the stretch
intensity scale standing doorway pectoral static stretch was completed for 3 sets of 30 seconds. Participants rated their perceived
stretch intensity at the start and end of each stretching repetition. H) POST-intervention measurements were taken following the same

procedures. 1) Participants attended a second session a minimum of 72 hours later where the same procedures were followed (F-H)
except they received the other stretch intensity.
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Shear Wave Elastography

Shear wave velocity (SWV) was used to assess pectoralis major and minor muscle
stiffness via ultrasound (Logiq E10s, GE, Mississauga, Ontario, Canada). Transmission gel was
applied to the XDclear linear probe (2-10 MHz, GE, Mississauga, Ontario, Canada), positioned
approximately 1-inch below the dominant clavicle and lateral to the sternal edge. B-mode
imaging identified the best location for pectoralis major and minor separately, where muscles
fibres aligned longitudinally with the probe. This location was marked to ensure consistent probe
location between measurements for a given session.

Shear wave mode generated a colour-coded SWV map within a region of interest (ROI).
The ROI was set for the largest area possible within the fascial borders of each muscle that
yielded a high-quality image with little or no artifact (none or very little monochromatic artifact).
One, ~10s elastogram was taken for each muscle (pectoralis major, then minor), while the
participant held their breath after a 3s exhale®. Three high-quality images with minimal artifact
were saved from each elastogram.
Pectoralis Minor Length

Pectoralis minor length (PML) was measured while the participants laid supine.
Participants’ coracoid process and anterior-inferior edge of the 4% rib, 1 finger-width lateral to
the sternum were both landmarked and marked with permanent marker. The distance between
these sites were measured 3 times using a soft measuring tap, with the average used for analysis
of responder incidence.
Forward Shoulder Posture

Participants stood in a relaxed posture (i.e., not correcting their posture) with their back

against a wall and had their anterior acromion process marked. A researcher then took a modified
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combination square and measured the distance from the wall to their marked acromion process
(double-square method)!”. A total of three measurements were taken and between each,
participants took a step forward and shook their arms to reset their natural posture. The average
of the three measurements was used for analysis.
Horizontal Abduction Range of Motion (haROM) and Patient Reported Stretch Intensity

A validated stretch intensity scale (SIS)!’¢ ranging from 0 (no stretch) to 150 (maximal
achievable ROM with pain) was adapted (Figure 18) and used for both the haROM and SS
intensity measurements. HOROM was measured in the same position as the stretch intervention
was conducted. Participants stood next to an upright stretching apparatus. They placed their
forearm against the stretching apparatus with their shoulder abducted and elbow flexed to 90°.
For haROM, they horizontally abducted their arm using the apparatus by taking steps forward to
until they reached a 100 on the SIS, or the maximal achievable range of motion without
provoking pain. A goniometer was used to measure the angle of horizontal abduction. All
goniometric measurements were conducted by the same Athletic Therapist with over 9 years of
experience. Once this angle was measured, the participant returned to the starting position and

repeated the measurement two more times, where the average was used for analysis.

Almost Almost
None Very little maximal supramaximal
0 20 30 40 50 60 70 80 90 110 120 130 140 150
l ] | l [ L | | [ | | | | | |
I 1 I I 1 I 1 I I ) I I I
Moderate
100 Supramaximal
Maximal *maximal achievable

*w/o pain

Figure 18. Stretch Intensity Scale
Adapted from Freitas et al. (2015)'7¢
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Control Intervention

Participants rested for 150s in a seated position on a plinth. After 150s, SWV, PML, FSP,
and haROM POST-measurements were re-measured. The participant then rested for five minutes
before completing PRE-measurements, followed by either the moderate or maximal SS
intervention.
Static Stretch Intervention

Participants completed three sets of 30s of standing pectoral SS at either 60 or 100 on the
SIS, respectively. If the participant was randomized to complete the maximal SS, they stretched
at the average angle measured during PRE haROM measurements, as measured by the
goniometer. If they were completing the moderate stretch, they horizontally abducted their arm
until they reached a perceived 60 on the SIS, and a goniometer was used to measure this angle.
Once the respective stretch intensity was reached, the position was held for 30s. The same angle
was used for all three repetitions for each SS intensity. After 30s, the participant released the
stretch and stood with their arm by their side for 30s before repeating two more sets of 30
seconds at the same angle as the first repetition. POST-measurements were conducted after each

SS intervention.

Experimental Session Two

The second experimental sessions occurred a minimum of 72-hours after the first session.
Following the same procedures as session 1 without CON (Figure 17F-H), participants
completed the remaining SS intensity (moderate or maximal).

Data Processing
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Velocity (m/s) of shear wave propagation generated by the on-board system software
(Logiq E10s, GE, Mississauga, Ontario, Canada) was extracted by a blinded investigator who
closely examined all three images extracted from each elastogram. Avoiding artifact, they
measured the largest possible area within the ROI. The same diameter and measurement location
within the ROI was kept as consistent as possible between images for the same measurement for
a given participant. The average of the three measurements was used for analysis.

To account for individual differences in height and limb length, pectoralis minor index
(PMI)*¢ was calculated by dividing each participant’s PML by their height and used to compare

baseline values between responders and non-responders.

Statistical Analysis

Intrasession reliability of the dependent variables were determined by a two-way mixed
model absolute agreement intraclass correlation (ICC) using PRE-CON measurements. [CC
values were interpreted as: poor (£0.5), moderate (0.5-0.75), good (0.75-0.9), and excellent
(=0.9).

To achieve objective 1, typical error (TE) of all dependent variables (pectoralis major and
minor stiffness, FSP, PML, and haROM) was calculated from the CON using the standard
deviation (SD) of the pre-post difference scores using the following equation!?®132;

TE = SDgin/\2

Participants were considered a responder if their pre-post change was greater than two
times the calculated TE (i.e., TEx2) in the desirable direction for that variable. Consequently, if
their change score was less than this number they were classified as a non-responder.

Inferential statistics were conducted in Jamovi (v. 2.5.4, The jamovi project). Normality

of the data was determined using Shapiro-Wilk test for normality, where p<.05 would indicate a
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violation of normality. Outliers were considered studentized residuals greater than +3 standard
deviations'®!. Data were considered statistically significant if p <.05.

To achieve objective 2, independent samples #-tests were conducted on dependent
variable baseline values of responders and non-responders for each SS intensity with at least 10
responders (one third of all participants). Small, medium, and large effect sizes (Cohen’s d) were
interpreted as: 0.2, 0.5, and 0.8, respectively'®’. Mann-Whitney U tests were conducted on non-
parametric data. Effect sizes for the Mann-Whitney U tests were calculated using rank-biserial
correlation (7,5) and were interpreted as: negligible (< 0.1), small (0.1-0.3), intermediate (0.3—
0.5), and large (> 0.5)'%°,

To achieve objective 3, the Oldham method was used??!, whereby the relationship
between pre-post changes (A) and the sum of PRE and POST values divided by 2
([PRE+POST]/2; x) was explored for each dependent variable. This method provides a more
accurate way of measuring baseline dependent changes that reduces bias from mathematic
coupling (i.e., using the same value in both variables being correlated) or regression to the mean
(i.e., the natural tendency to move closer to the average over time)??!'. Pearson correlations were
conducted on normally distributed data and Spearman rank correlations were conducted on data
that was not normally distributed. Correlation coefficients ( or rs) were interpreted as low <0.3,
moderate 0.3-0.49, and high >0.5. Data are presented as mean and standard deviation for all

parametric analyses and median and interquartile range for non-parametric analyses.

Results

Intraclass correlations for haAROM were good (Cronbach’s a=.849), and excellent for FSP
(0=.930), PML (0=.994), pectoralis major (a=.978) and minor stiffness (a=.934).

Objective 1: Responders and Non-responders
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Table 8 presents a summary of individual responses to both intensities of stretching for
all variables.

For haROM, 2xTE was 4° (TE = 2°), resulting in 43% (13/30) of participants as
responders to moderate, 70% (21/30) as responders to maximal, 37% (11/30) as responders to
both and 23% (7/30) did not respond to either SS intervention (Table 8, Figure 19).

For pectoralis major stiffness, 2xTE was .92 m/s (TE =.46 m/s), resulting in 7% (2/30) of
participants as responders to moderate, while 0% of participants responded to maximal or both,
leaving 93% (28/30) as non-responders to both SS interventions.

For pectoralis minor stiffness, 2xTE was .94 m/s (TE =.47 m/s), resulting in 13% (4/30)
of participants as responders to moderate, 10% (3/30) as responders to maximal, and 3% (1/30)
responded to both SS interventions.

The 2xTE for PML was .33 cm (TE = .16 cm), resulting in 37% (11/30) of participants
responding to moderate, 40% (12/30) responding to maximal, and 13% (4/30) responding to
both, while 37% (11/30) responded to neither SS intervention (Table 8).

For FSP, the 2xTE was .63 cm (TE =.31 cm), resulting in 17% (5/30) of participants
responding to moderate, 7% (2/30) responding to maximal, while 0% responded to both SS

interventions.
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Table 1. Individual Responses of Horizontal Abduction Range of Motion, Pectoralis Minor Length, Pectoralis Major and Minor
Stiffness, and Forward Shoulder Posture to Moderate and Maximal Static Stretching

Variable Participant Total Responders /30
1 2 3 4 5 6 7 8 9 10 | 11 [ 12 | 13 [ 14 | 15 |16 | 17 | 18 | 19 [ 20 | 21 | 22 |23 |24 |25 | 26 |27 [28 |29 | 30 | MOD | MAX | Both
haROM 13 21 11
(43%) | (70%) | (37%)
Pectoralis Minor 11 12 4
Length (37%) | (40%) | (13%)
Pectoralis Major 2 0 0
Stiffness (7%) (0%) (0%)
Pectoralis Minor 4 3 1
Stiffness (13%) | (10%) | (3%)
Forward Shoulder 5 2 0
Posture (17%) | (7%) (0%)
l:l = MOD responder l:l = MAX responder l:l = both responder l:l = non-responder
haROM= horizontal abduction range of motion; MAX= maximal static stretch intervention; MOD= moderate static stretch
mtervention
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Figure 19. Individual Change Responses of Horizontal Abduction Range of Motion

(haROM; top) and Pectoralis Minor Length (bottom) to Moderate (MOD) and Maximal

(MAX) Static Stretch Intensities in Ascending Order of haROM response to MOD.

Objective 2: Baseline Differences Between Responders and Non-Responders

Baseline haROM for responders in the maximal intensity condition were not normally

distributed (p=.038), thus a Mann-Whitney U test was used for that comparison. For the

moderate intensity, there were no differences in baseline haROM between responders (105+6°;
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n=13) and non-responders (103+4°; n=17), #(1,28)=-1.13, p=.269, d=-.415, nor in the baseline
PMI between responders (8.21 +.55; n=11) and non-responders (8.31+.69; n=19), #(1,28)=.425,
p=.674, d=-.161. For the maximal intensity, there were no differences in baseline haROM
between responders (101+5°; n=21) and non-responders (102+4°; n=9), z=71.5, p=.307, nor in
baseline PMI between responders (8.37£.53; n=12) and non-responders (8.09 +.83; n=18),
1(1,28)=-1.15, p=.262, d=-.427.
Objective 3: Rate Dependence

Data were not normally distributed (p<.05) for x (i.e., sum of PRE and POST values
divided by 2) maximal haROM, X moderate pectoralis major SWV, and X and A moderate and
maximal pectoralis minor SWV; thus, Spearman rank correlations were conducted on these
variables. The correlation between x and A for haROM at moderate intensity was significant
(p=.036, r=.384). The correlations were insignificant between x and A for all other variables and

intensities (Table 9).
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Table 8. Rate Dependence Results of the Average PRE and POST Scores (x) and Change
Scores (4) of Horizontal Abduction Range of Motion, Pectoralis Minor Length, Pectoralis
Major Stiffness, Pectoralis Minor Stiffness, and Forward Shoulder Posture for Moderate and
Maximal Stretching (n=30)

Variable Moderate Maximal

x A p v/rs X A ) r/rs
haROM 105+5 344 .036* 384 105+£5 543 301 1954
(degrees)
PML 14.3£1.3 0.09%0.1 293 .199 14.3£1.3 0.1£0.3 .690 -.076
(cm) 6
P.Maj 2.78+0.8 .08%£0.71 412 1554 2.8820.4 0.16x0.5 735 .064
SWYV (m/s) 1 2 3
P.Min 2.07£0.5 -.11 .360 -.173+ 1.9240.5 0.1+£0.54 392 162+
SWV(m/s) +0.42 5
FSP (cm) 10.8 1.6 -0.18 .664 .083 109+1.6 -0.1x04 988 .003

0.4

x= (PRE+POST)/2; A= PRE-POST; cm= centimeters; FSP= forward shoulder posture; haROM=
horizontal abduction range of motion; m/s= meters per second (velocity); P.Maj SWV= pectoralis
major shear wave velocity (stiffness); PMin SWV= pectoralis minor shear wave velocity
(stiffness); PML= pectoralis minor length; = Pearson’s r; rs= Spearman’s rtho; + = Spearman’s
Rank Correlation (median & interquartile range reported for x and A); *p<.05

Discussion

This study evaluated individual response and non-response in haROM, PML, pectoralis
major and minor stiffness, and FSP following two pectoral SS of differing intensities. The key
findings were: (i), a substantial portion of individuals were non-responders to one or both SS
interventions, despite group-level haROM improvements for both; (ii) PML showed moderate
non-response and FSP considerable non-response, despite group-level improvements over time
(increased PML and decreased FSP); (iii) individual response patterns were inconsistent across
outcome variables, although every participant responded to at least one variable following one
intensity; (iv) baseline characteristics did not significantly differ between responders and non-

responders for haROM or PML; and (v) a moderate rate-dependent effect was observed for
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haROM at moderate intensity, suggesting that higher baseline haROM values result in greater

changes in haROM.

Incidence of Responders

The primary finding of this study is the substantial non-response rate for haROM, with
57% and 30% of participants failing to show meaningful improvement in haROM following
moderate and maximal, respectively. This occurred despite significant group level improvements
in haROM at the group level for both intensities (Chapter 4), which aligns with the majority of
literature demonstrating the efficacy of SS for improving ROM?*->%3, These findings challenge a
common clinical assumption that SS yields improvements in ROM for all individuals, revealing
a more complex reality of inter-individual physiological response variability.

This variability is consistent with recent work by Dobija et al. (2024), who reported a
69% non-response rate in ROM following 1-minute of hamstring SS in individuals with chronic
low back pain®, but reported significant increases in the group analysis'!®. Their higher non-
response rate (69% compared to 30-57% in the current study) may reflect methodological
differences in defining responders. Specifically, Dobija et al. classified individuals as responders
if their ROM met or exceeded the group mean change (>7)%, whereas our study used the typical
error (TE) as the threshold. The use of the group mean does not distinguish true intervention
effects from biological variability and measurement error, risking misclassification of
individuals??. In contrast, TE provides a more conservative but robust criterion for detecting true
change due to its consideration of biological variability and measurement error!*%!3°, Thus, while
Dobija et al. observed greater apparent variability across individuals, our approach suggests that
a larger proportion of participants demonstrated true, meaningful improvements. Future research

should use consistent and standardized responder criteria, specifically the 2xTE threshold which
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accounts for biological variability and measurement error, to improve comparability across
studies.

Our results demonstrate that more individuals haROM responded to the maximal
intensity SS (70%) compared to the moderate SS (43%). Although both groups improved
similarly in haROM (3° vs. 5°), the ~2° greater change with maximal intensity was not
significant and fell below the minimal detectable change (MDCos)*?* of 2.9°, indicating that it
was within measurement error. Thus, while group-level effects appear comparable, the markedly
higher response rate to maximal intensity suggests that moderate intensity is not equally as
effective as maximal. Notably, 37% responded to both intensities, whereas only 7% (2/30)
responded exclusively to the moderate intensity, and 33% (10/30) exclusively to the maximal
intensity, suggesting that the most effective SS intensity may vary across individuals. From a
clinical standpoint, if a patient fails to demonstrate beneficial changes from one intensity, it may
indicate that the intervention is ineffective for that individual and modifying the dose and/or
intervention type may yield more optimal outcomes. For example, if an individual does not
respond with increased ROM to moderate intensity SS, shifting to maximal intensity may result
in improvements, as it did for 10 of our participants. As such, clinicians should adopt a
responsive, data-informed approach by tracking individual responses, thereby enabling more
effective and personalized prescriptions that ultimately improve patient outcomes. Taken
together, these findings indicate that higher intensity stretching increases the likelihood of
eliciting meaningful ROM improvements across individuals compared to lower intensity, and
that clinicians should tailor stretching prescriptions based on individual responsiveness to a given

stretch intensity.
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As increases in muscle length and reductions in stiffness are proposed mechanisms
underlying SS-induced ROM gains!!%112:133.172 e anticipated that participants who gained ROM
would also show corresponding changes in muscle length and/or stiffness. However,
considerable variability was also evident across other outcome measures, with inconsistent
response patterns emerging between ROM, muscle length, and stiffness. For example,
participants who responded in haROM did not necessarily respond in PML or muscle stiffness to
the same SS intervention. Changes in mechanical muscle length, thought to result from
alterations in muscle morphology such as stiffness, are a purported mechanism for increasing

12153172 and knee extension!'' ROM. As such, we anticipated that individuals

dorsiflexion
showing meaningful haROM gains would also demonstrate increases in PML and reduction in
pectoral stiffness. However, of the 34 haROM responders across both intensities, only 13 (38%)
also responded in PML, while 0 and 2 (6%) responded in pectoralis major and minor stiffness,
respectively. This suggests that ROM gains may arise from diverse, individual-specific
mechanisms, rather than consistent changes in muscle stiffness or length. Notably, PML
decreased in 11 participants without a concomitant increase in haROM, further indicating that
muscle lengthening does not necessarily translate to improvements in ROM. Collectively, these
findings indicate a complex inter-individual variability of stretching responses to several
outcomes variables and reinforces the notion that effective SS prescriptions require
individualization rather than reliance on group-level trends. Notably, this is only the second

study to examine response rates to SS, and the first to do so in a pain-free population, further

underscoring the novelty of these findings.
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Baseline Characteristics Between Responders and Non-Responders

Baseline characteristics may help to explain the variability in SS outcomes; however,
contrary to the hypothesis, there were no significant differences in baseline haROM or PMI
between responders and non-responders at either SS intensity. These results suggest that baseline
flexibility and muscle length alone do not predict their responsiveness to SS. These results
indicate that the benefits of SS appear to occur independently of initial ROM or muscle length,
and that individuals with more restricted ROM do not necessarily experience greater
responsiveness.

To our knowledge, no previous studies have directly compared baseline ROM or muscle
length values between SS responders and non-responders. One investigation examined clinical
characteristics (e.g., age, sex, body mass index [BMI], type of work, living environment,
smoking status, and various other indexes) between responders and non-responders to hamstring
stretching, reporting only higher BMI in non-responders, with no other significant differences®*.
Given the high variability in SS responses, the dearth of research defining factors influencing
responsiveness is surprising and highlights the need to identify potential predictors. Such work
could explore whether individuals with shorter or longer baseline muscle lengths, or differing
levels of baseline flexibility, demonstrate distinct response patterns. Moreover, future work
should investigate other characteristics that may predict stretch response, such as prior flexibility
training, which has been shown to influence responsiveness??*. From a clinical perspective, these
findings suggest that individuals can experience meaningful changes in ROM and muscle length
from SS, independent of baseline values. As such, clinicians should monitor individual changes

in ROM over time and adapt SS prescriptions accordingly.
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Rate Dependence

We observed a moderate positive correlation between baseline haROM and change in
haROM at moderate intensity, indicating that individuals with higher initial haROM tended to
show greater improvements in ROM. No such relationship was found at maximal intensity,
suggesting that higher intensity may elicit improvements more universally, independent of
starting ROM. Contrary to the hypothesis, no other rate-dependent effects were found for PML,
pectoralis major or minor stiffness, or FSP, demonstrating that the direction or rate of change in
these variables were not impacted by their baseline values.

To our knowledge, this is the first investigation to directly examine rate dependence in
response to SS, which may partially explain the inter-individual variability in responsiveness
discussed above. Previous studies have explored the influence of baseline flexibility on
stretching outcomes with mixed findings. Donti et al., (2014) reported that baseline flexibility
did not affect acute hip ROM gains in elite gymnasts, though they did not systematically evaluate
baseline effects??. In contrast, Fraulin et al., (2021) found greater chronic ROM improvements
in office workers with lower baseline flexibility following 3 months of stretching??¢. Taken

together, these results?2>-226

and the results from the current work suggest that baseline flexibility
may interact with both the type of stretching (acute vs. chronic) and the intensity of stretch to
influence changes in ROM.

While our group-level analysis (Chapter 4) revealed improvements in haROM, PML and
FSP following both intensities, the magnitude of change did not differ if an individual had
greater or lesser ROM, muscle length, or FSP, except for the haROM-moderate intensity

relationship. Clinically, this suggests that individuals with relatively high baseline ROM may

benefit from more moderate intensity SS, while maximal intensity may be a more reliable
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strategy across diverse populations. Further, while no group effect was observed for pectoralis
major or minor stiffness, treatment response was also not impacted by baseline levels of these
variables. These findings reinforce the need for individualized monitoring and prescription, as
stretching responses are not uniform and may depend on both baseline status and applied

intensity.

Limitations

The findings from the current study should be interpreted in light of several limitations.
First, results are specific to the dominant side of a young, asymptomatic population, which may
limit generalizability to clinical or older populations. Secondly, we did not examine sex-specific
responses, nor did we monitor menstrual cycle phase in female participants. Given that hormonal
fluctuation across the menstrual cycle can influence ROM and muscle stiffness!®’, this may have
contributed to variability in responses to SS. Third, pectoral stiffness was measured with the
arms at rest. Although prior research has demonstrated stiffness changes in resting positions
following SS'!, it is possible that alterations in pectoral stiffness are more apparent when
measured in a lengthened position (beyond slack length). Fourth, the manipulation of stretch
intensity is inherently subjective. Despite the use of a validated scale, individuals likely
perceived and applied moderate and maximal stretch intensities differently, introducing
variability in the intervention dose. Finally, although the 2xTE threshold is a conservative and
robust criterion for defining responders, alternative approaches such as MCD or the smallest

worthwhile change may yield different responder classifications.

Conclusion

This study demonstrated considerable inter-individual variability in acute responses to

static stretching, with a substantial proportion of participants classified as non-responders despite
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group-level improvements in haROM, PML, and FSP. Higher stretch intensity increased the
likelihood of eliciting meaningful ROM gains, although some individuals responded only to
moderate intensity. Notably, changes in muscle length or stiffness were not consistently

associated with haROM responsiveness, despite being two purported mechanisms for ROM

improvement. Baseline haROM and PML did not distinguish responders from non-responders,

underscoring the importance of individualized monitoring rather than reliance on initial
flexibility or muscle length measures. Collectively, these findings emphasize that static
stretching prescriptions should be tailored to individual responses to optimize clinical and

performance outcomes.
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Chapter 6: General Discussion

The central aim of this thesis was to investigate both group and individual responses to
varying intensities of pectoral SS in asymptomatic adults. Specifically, this dissertation evaluated
the group effects of low and moderate intensity therapist-administered pectoral SS, as well as
group and individual effects of moderate and maximal intensity self-administered SS on changes
in ROM, pectoral stiffness, muscle length and FSP. Although pectoral SS is commonly
prescribed in shoulder injury prevention and rehabilitation programs, its acute effects have
received little empirical attention. This work contributes to the literature in three novel ways:
first, it is the first study to examine the acute impact of pectoral SS on FSP, pectoralis major
stiffness, and haROM; second, it is the first to compare different SS intensities in the upper body;
and third, it is the first to explore the incidence of individual responsiveness to SS in
asymptomatic individuals, and the second to explore responsiveness to SS generally. The
following discussion is organized into two sections: group-level effects and individual-level

responsces.

Impact of Pectoral Static Stretching: Group-Level Effects

Horizontal Abduction Range of Motion

The present work produced mixed findings regarding the effects of different pectoral SS
intensities on haROM. Moderate and maximal intensity self-administered SS resulted in
significant improvements in haROM, whereas low and moderate intensity therapist-administered
did not elicit any changes. These findings are partially consistent with the broader literature

demonstrating that a single bout of SS acutely increases ROM, irrespective of intensity>!"!.
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However, it is worth noting that all previous investigations on SS intensity have focused
exclusively on the lower limb, highlighting the novelty of the current upper-limb findings.

Chapter 3 demonstrated that low and moderate therapist-administered pectoral SS did not
alter haROM, a finding that contrasts previous literature reporting ROM gains across a range of
intensities of SS*!7!, including low intensity protocols***!. Several methodological factors may
account for these null findings. First, haROM was assessed passively without external
overpressure, which limited the evaluation of pectoral muscle extensibility and prevented
participants from reaching a true end range of motion. Second, stretch intensities were defined
as 110% and 120% of baseline ROM, where baseline was the first sensation of a stretch reported
by the participant as the therapist slowly moved the arm through horizontal abduction. Because
the perception stretch sensation is highly subjective, variability in participants’ perceptions of
initial stretch likely influenced the classification of baseline ROM and, consequently, the relative
intensity of the 110% and 120% conditions. Although these intensities were selected based on
pilot data indicating that they represented moderate and high stretch intensities, participants’
perceived intensity ratings averaged only 20/100 (“slight”) and 31/100 (“slight to moderate”),
respectively. Given this discrepancy, it is plausible that the intensities tested were not sufficient
to elicit meaningful adaptations, and abundant variation in intensity prescription methods in the
broader literature make it difficult to compare across studies. However, with previous work
demonstrating ROM improvements following low intensity SS3*34L171 "the lack of effect
observed in the present study is surprising.

The results of Study One (Chapter 3) highlighted the need to implement a more rigorous
pectoral SS protocol capable of assessing true muscle extensibility, while also including a control

condition for comparison. Furthermore, it underscored the importance of examining differences
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between types of SS, particularly given that self- administered protocols are anecdotally more
frequently performed and may better reflect ecologically valid practices, where stretching is
typically prescribed based off perceived intensity. With these modifications, the findings from
Study Two (Chapter 4) demonstrated that both moderate and maximal intensity SS produced
significant increases in haROM, supporting previous research indicating that SS across a range
of intensities can enhance ROM*!7! even in the upper limb. Notably, maximal intensity
increased haROM by an average of ~2° more than moderate, providing preliminary evidence for
a potential dose-response relationship between stretch intensity and ROM.

Enhanced stretch tolerance may represent one mechanism underlying this effect, as
evidenced by a greater reduction in perceived stretch intensity from the start to the end of the
maximal condition (-17/100) compared to the moderate condition (-9/100). Several prior studies
have reported larger ROM gains with higher SS intensities compared to lower intensities!>23-3%-
33, However, comparison across studies is complicated by methodological heterogeneity,
including approaches used to prescribe intensity and the manipulation of multiple dose variables
(e.g., intensity and duration)?’. As such, the present results align with a recent systematic review
suggesting that the effect of stretch intensity on ROM remain inconclusive?®. It is suggested that a
more objective approach to prescribing and assessing SS intensity may be warranted, such as the
degree of muscle stiffness?’. Alternatively, a more ecological approach to prescribing intensity
may involve using the percentage of maximal ROM?’.

Given the methodological differences in haROM assessment between Studies One and
Two, it cannot be conclusively determined that lower intensity, therapist-administered SS does
not affect haROM compared to higher intensity, self-administered SS. Despite these varied

results, several important gaps remain. A primary gap concerns the mechanisms underlying ROM
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improvements following stretching. Although reductions in muscle stiffness and increases in
stretch tolerance, potentially mediated by neural adaptations altered pain perception, and
expectancy effects, have been proposed, these mechanisms are not yet fully
understood®84110.112,153,172,183,184_
Another gap concerns potential sex differences in the response to SS. Evidence suggests
that males and females may differ in ROM adaptations to stretching!®®, and hormonal
fluctuations across the menstrual cycle further influence flexibility outcomes!®®. Previous
research has predominantly involved male participants (~82%), whereas the present study
included a sex-balanced sample (50% female) but did not control for the menstrual cycle phase.
Consequently, the female response to SS across the different phases of the menstrual cycle
remains unclear. Collectively, these factors complicate comparisons both within the current
participant cohort and across studies. Future research should therefore examine sex differences in

SS adaptations more systematically, including the influence of the menstrual cycle phase on

ROM outcomes.

Pectoral Stiffness

A primary mechanism posited for improved ROM following SS is a decrease in muscle-
tendon unit stiffness!!%!1215%172 Given the acute increases in ROM commonly observed after
SS*171 the current work hypothesized that SS would decrease pectoralis major and minor
stiffness, thereby contributing to enhanced ROM. However, the findings from the current
investigations revealed that low, moderate, and maximal intensity SS did not significantly
influence pectoralis major stiffness. Pectoralis minor stiffness demonstrated a temporal decrease
in Study One, examining low and moderate intensity therapist-administered pectoral SS, yet it

remained unaffected by moderate and maximal intensity self-administered pectoral SS in Study
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Two. These results largely diverge from existing literature that consistently reports decreased
stiffness following various SS protocols.

Stiffness measurement methodologies have evolved significantly. Conventional
techniques, such as dynamometry, assess passive torque-ROM relationships to derive a global
muscle-tendon unit stiffness. This approach inherently encompasses all soft tissue crossing a
joint, including muscle, tendon, and fascia. In contrast, novel methods like shear wave
elastography (SWE), offer greater specificity, enabling direct, localized measurement of elastic
properties within specific soft tissues, such as distinct regions within a muscle. SWE also extends
measurement capabilities to areas not accessible via dynamometry, such as the pectoral muscles.
While previous research, employing both passive torque!?? and SWE!?3, has demonstrated acute
decreases in stiffness after a single bout of SS, the effects of SS on shear modulus appear to be

193 For instance, stiffness in the

muscle-specific and exhibit considerable variability
semimembranosus and semitendinosus (medial hamstrings) decreased in 80% of studies
following SS, whereas the biceps femoris (lateral hamstring) showed decreased stiffness in only
60% of studies, and only when SS durations exceeded 120 seconds!'®?.

The current work contributes to a limited body of research examining shear elastic
modulus (hereon stiffness) changes in the upper limb and represents only the second research
group to specifically investigate pectoral muscle stiffness. Umehara and colleagues reported a
decrease in pectoralis minor stiffness after as little as 30 seconds of pectoral SS at 135° of
humeral elevation with external rotation to maximal, pain-free ROM®3. Critically, Umehara
measured pectoralis minor stiffness with the arm at 90° of elevation compared to measuring at

rest as done in the current work. This difference in measurement position supports previous

assertions that stiffness significantly decreases in a stretched versus a relaxed or slack position,
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underscoring the substantial role of measurement posture in observing changes in
stiffness!?*227-228 Consequently, it is plausible that the interventions employed in the current
work would have yielded more pronounced effects on pectoralis major and minor stiffness had
measurements been conducted with the muscles in a more lengthened position, which is a
limitation of the current work.

Despite the advancements offered by SWE, these findings, in conjunction with prior
SWE literature, expose existing methodological challenges and knowledge gaps. Traditionally,
SWE measurements are presented as an absolute expression of stiffness, limited by older
versions’ saturation limits, which hindered accurate measurement of very stiff tissue, such as
those during high-intensity contractions!®®. In contrast, electromyographic methods are routinely
expressed relative to a reference contraction, such as a maximal voluntary isometric contraction
(MVIC). Recent technical advancements in SWE have expanded the measurable shear modulus
range, facilitating accurate measures of stiffer tissues, including during MVIC!?, Nevertheless,
research continues to report stiffness as absolute measures, while relative expressions may offer
improved comparability between muscles and across studies.

Furthermore, resting muscle stiffness does not reliably predict muscle stiffness during
contraction, and the rate of stiffness increase during contraction is dependent on each
individual’s strength??°. Therefore, while the SS interventions in these studies could have altered
pectoralis major and minor stiffness during contraction, the measurement at rest and the lack of
normalization relative to a maximal contraction may explain the absence of observed stiffness
changes. Thus, a significant limitation of the current work is that the stiffness measurements
conducted provide limited insight into the acute stiffness adaptations of the pectoralis muscles to

the employed SS interventions. Future research should prioritize relative stiffness measures and
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assess stiffness in both resting, lengthened, and/or contracted states to provide a more

comprehensive understanding of SS-induced stiffness adaptations.

Pectoralis Minor Length

A purported mechanism for increased ROM following SS is an increase in mechanical
muscle length. As such, it was hypothesized that PML would increase after SS, particularly in
instances where ROM improved. PML is a validated measure for assessing interventions
designed to lengthen muscle?%23!, Interestingly, while the current findings revealed a temporal
increase in PML in Study Two, no changes in PML were found in Study One. Moreover, in
Study Two, both moderate and maximal intensity SS elicited similar increases in PML to the
control condition, suggesting that the employed SS intensities did not affect resting PML.

Despite pectoral stretching being a cornerstone of many shoulder injury prehabilitation
and rehabilitation protocols!-*2232, literature evaluating the acute impact of pectoral SS on PML
is notably sparse. In contrast to the current work, existing studies suggest that a single bout of
pectoral SS acutely increases PML3162199 Specifically, a 5x30 second doorway stretch!®”
(similar to that of Study Two) and a 2x30 second supine horizontal abduction stretch!®? (similar
to that of Study One), and 4x30 second supine horizontal abduction pectoral stretch combined
with a posterior tilting exercise> have all been shown to significantly increase PML. Crucially,
these acute studies measured PML in a standing position, whereas the current work utilized a
supine position. This postural difference may influence changes in PML and could be more
sensitive to length alterations. Therefore, it is plausible that measuring PML in a standing posture
in the current work might have revealed changes in PML.

Although resting PML did not change, it is conceivable that pectoralis minor extensibility

increased, contributing to the improvements observed in haROM in Study Two. Consequently,
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measuring PML in the maximal haROM position might have yielded significant changes. Given
these considerations, the current work cannot definitively confirm that PML increased following
pectoral SS, nor can it ascertain if such an increase would contribute to the observed ROM
improvements in Study Two, or in Study One had end ROM been assessed. Future research

should further investigate the contribution of muscle length to change in ROM following SS.

Forward Shoulder Posture

FSP is a common postural deviation associated with a shortened pectoralis minor,
reduced subacromial space, and altered scapular kinematics consistent with shoulder
pathology?"’. Accordingly, increasing PML and reducing FSP are central goals in many shoulder
injury prevention and rehabilitation programs. It was hypothesized that pectoral SS would
decrease pectoralis minor stiffness, thereby increasing PML and reducing FSP. Study One
supported this hypothesis, demonstrating significant decreases in FSP following both mild and
moderate pectoral SS concomitant with transient decreases in pectoralis minor stiffness.
However, Study Two found that reductions in FSP did not differ significantly from a control
condition, suggesting that these changes were not attributable to the stretching intervention.

Limited research has examined the acute effects of a single pectoral stretch on FSP.
Previous studies have reported that various pectoral massage therapy techniques, both alone’®13%-
161 and in combination with SS%8, can acutely decrease FSP. However, the clinical relevance of
these changes remains unclear'>®, particularly given that reduction in FSP have also been

observed following control or placebo conditions!>*:16°

, consistent with the present findings. The
decreases in FSP observed across both experimental and control conditions underscore the high

variability of postural measures, which appear independent of changes in haROM, PML, or

pectoral stiffness.
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This variability raises important questions: does the FSP measurement reliably capture
clinically meaningful postural changes, and are observed decreases in FSP genuine adaptations
or transient adjustments influenced by conscious or subconscious awareness? Posture is
inherently multifactorial, shaped by habitual movement patterns, muscular imbalances, prior
injuries, psychological factors (e.g., depression, self-esteem), and demographic or lifestyle
variables such as age, sex, physical activity, and body mass index>+201:204206_ Given this
complexity, a single bout of pectoral SS may not produce lasting or clinically significant
reductions in FSP sufficient to lower shoulder injury risk.

The present results highlight FSP’s dynamic nature, characterized by transient
fluctuations following both stretching and control conditions. This suggests that a single FSP
measurement may not accurately represent a persistent postural deviation relevant to shoulder
pathology. Future research should determine the threshold for clinically significant change in
FSP, identify the factors contributing to such changes, and evaluate whether specific therapeutic

interventions like SS can meaningfully and sustainably modify FSP.

Impact of Pectoral Static Stretching: Individual Effects

Group-level analyses can obscure considerable inter-individual variability in response to
SS. Understanding the individual response incidence is essential for clinicians seeking to move
beyond a one-size-fits-all approach to prehabilitation and rehabilitation and toward personalized
exercise prescription. Although group-level results from Study Two resulted in a significant
increase in haROM following both moderate and maximal intensity pectoral SS compared to
CON, individual analyses revealed substantial non-response rates: 57% of participants were non-
responders in the moderate intensity, and 30% of individuals were non-responders for the

maximal intensity. The greater responsiveness to higher-intensity SS aligns with the group-level
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dose-response trend, indicating that higher intensities may produce larger haROM gains more
consistently across individuals.

To date, only one known study has examined individual SS response rates. Dobija et al
reported that 69% of participants with low back pain failed to achieve meaningful ROM
improvements following 1 minute of hamstring SS®, despite significant group-level increases'!®.
Differences in responder classification likely contributed to the discrepancy in response rates
between their study (69%) and the current work (30-57%). Specifically, Dobija et al. defined
responders as those who met or exceeded the group mean change®, whereas the current study
used a threshold of two times the TE derived from the control condition. The TE approach,
though conservative, is considered robust for identifying true change as it accounts for biological
variability and measurement error!32133222, Nevertheless, both studies underscore considerable
inter-individual variability in SS-induced ROM changes, highlighting the limitations of relying
solely on group-level data.

Baseline characteristics may partially explain response variability. Previous work
suggests that individuals with limited baseline ROM exhibit greater improvements following
SS233, Accordingly, the present study examined differences in baseline haROM between
responders and non-responders and explored rate-dependent effects. No significant differences in
baseline haROM were found between responders and non-responders, suggesting that initial
flexibility does not influence responsiveness to either moderate or maximal intensity SS.
Interestingly, a moderate positive rate-dependent relationship emerged for moderate intensity SS,
indicating that participants with higher baseline haROM experienced greater improvements. This
pattern was absent in the maximal intensity condition, suggesting that higher intensity SS may

elicit benefits more universally, independent of initial ROM. These findings contribute to the
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limited and mixed literature, where some evidence supports greater ROM gains among less

flexible individuals?33

, while others report no baseline effect??®. Collectively, the present results
imply that moderate intensity SS may be more impactful for individuals with higher baseline
ROM, whereas maximal intensity SS may be effective across a broader range of flexibility
levels.

Several considerations should inform the interpretation of these findings. The results are
limited to the dominant, healthy shoulders of young adults free from pathology, with relatively
homogenous baseline ROM values (mean= 105°, standard deviation= 5°). This limited
variability may have reduced the ability to detect baseline-dependent effects. Other unmeasured
factors, such as prior flexibility training, may also influence responsiveness?*4. Although
participants were screened to exclude those who engaged in sports or activities that require
extreme ranges of motion (e.g., gymnastics, baseball), no formal assessment of flexibility
training history was conducted. Consequently, determinants of SS responsiveness remain largely
unknown, particularly in those with shoulder pathology or across the lifespan. Future research

should aim to identify predictors of SS response to better inform clinicians’ ability to tailor SS

prescriptions based on individual characteristics.

Clinical Relevance

The findings of this thesis have several important implications for clinical practice,
particularly for musculoskeletal clinicians who prescribe SS of the pectoral musculature to
improve ROM, posture, or to prevent shoulder injury. While SS is a simple and accessible
therapeutic intervention that remains a foundational component to many sporting, physical
fitness and clinical settings, empirical evidence supporting its acute impact has been limited. For

example, previous literature has found that SS at various doses leads to increased ROM?3-2%3,
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d??3, and literature

However, despite these results, stretch intensity is often poorly reporte
examining different intensities has been exclusively conducted on lower limb musculature. The
findings from the current work addresses these gaps and demonstrates that moderate and
maximal intensity self-administered pectoral SS can acutely enhance haROM, whereas lower
intensity, therapist-administered protocols did not produce similar changes in ROM under the
conditions tested. However, the current work cannot conclusively determine that lower
intensities are ineffective, as methodological factors (e.g., absence of end ROM testing) may
have influenced these results. Therefore, it remains possible that lower intensity SS may also
increase ROM.

Importantly, the absence of significant changes in pectoralis major and minor stiffness
and PML indicates that acute gains in haROM likely reflect increased stretch tolerance rather
than structural or physiological alterations to muscle tissue. Clinicians should therefore recognize
that short-term flexibility improvements may be transient and primarily neurological.

Most importantly, the high degree of inter-individual variability observed in SS
responsiveness underscore the importance of personalized SS prescription. Despite the
standardized conditions, up to 57% of participants did not achieve meaningful haROM
improvements following moderate intensity SS, highlighting the limitations of a universal SS
prescription approach. However, given the lower non-response rate for maximal intensity (30%),
and the potential dose-response relationship between higher intensities and greater increases in
ROM, clinicians may consider prescribing higher initial pectoral SS intensities. This may be
especially relevant for individuals with lower initial ranges of motion, given the rate-dependent

findings in the current work. Regardless, clinicians should monitor individual response to SS
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interventions and adjust intensity, duration, and frequency based on observed outcomes rather
than relying solely on standardized protocols.

Although pectoral SS is often implemented to correct FSP, the present findings suggest
that a single SS intervention does not reliably alter FSP relative to control conditions. Given the
multifactorial nature of posture, interventions aimed at reducing FSP should integrate stretching
with other components of rehabilitation (e.g., strengthening and/or ergonomic education) rather
than relying on singular SS interventions alone.

Collectively, these results suggest that pectoral SS can be a valuable adjunct to shoulder
mobility programs when performed at sufficient intensity and tailored to the individual.
However, clinicians should temper expectations regarding its immediate effects on FSP, pectoral
stiffness, and PML. Future work is necessary to determine if individualized pectoral SS
prescriptions produce improved acute and chronic adaptations in ROM, stiffness, muscle length

and posture in both healthy and symptomatic populations.
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Chapter 7: Conclusion

This thesis was the first work to investigate both group and individual responses to
varying intensities of pectoral SS in asymptomatic adults, addressing key gaps in the literature
related to the impact of SS on ROM, muscle stiffness, muscle length, and posture. Across three
studies, this work demonstrated that moderate and maximal intensity self-administered SS
acutely increased haROM, while low and moderate intensity therapist-administered SS did not
elicit significant changes. Although these findings suggest a potential dose-response with higher
intensities increasing ROM to a greater extent, the current work cannot conclusively determine
that lower intensities are ineffective, as methodological factors may have limited the capacity to
produce measurable adaptations.

Contrary to expectations, pectoralis major stiffness and PML remained unchanged
following all stretching conditions, and pectoralis minor stiffness decreased following only low
and moderate intensity pectoral SS, which did not result in increases in haROM. Taken together,
this suggests that acute improvements in haROM are likely mediated by neural adaptations such
as increased stretch tolerance rather than structural alterations to muscle tissue. Similarly,
changes in FSP were inconsistent and not unique to SS conditions, suggesting that shoulder
posture is influenced by factors beyond pectoralis minor length and flexibility alone.

At the individual level, substantial variability in response to SS was observed, with 57%
of participants classified as non-responders following moderate intensity pectoral SS and 30%
following maximal intensity SS. These findings emphasize the importance of individualized
prescription and monitoring when using SS clinically, as uniform protocols may fail to produce

consistent outcomes across individuals.
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Collectively, the results of the current work highlight that while pectoral SS can acutely
enhance shoulder mobility when performed at sufficient intensity, its effects on stiffness, muscle
length, and posture are limited and highly variable. Future research should aim to identify the
mechanisms and predictors of responsiveness to SS, investigate the effects of repeated or long-
term stretching interventions, and explore these relationships in a variety of populations such as

in different age groups and in clinical populations.
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