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Abstract: The purpose of the present study was to examine the acute effects of static
stretching at a constant angle (CA) and constant torque (CT) on the passive resistive
properties of the posterior hip and thigh muscles in young and old men. Twenty young
(meanSD: age = 24.60 + 2.98 years) and seventeen old (age = 71.88 £ 3.86 years) men
performed 16, 30-s bouts of CA and CT stretching of the posterior hip and thigh muscles
using an instrumented straight-leg raise (SLR). SLRs were then performed again at 10,
20, and 30 min following the completion of the stretching protocol. During each SLR,
passive stiffness, passive torque, and electromyographic (EMG) amplitude were
determined at the second to last common joint angle of the angle-torque curve, and
maximum range of motion (ROM) was determined as the point of discomfort but not
pain, as indicated by the participant. Three-way mixed factorial ANOVAs (group [young
vs. old] x treatment [CA vs. CT] x time [stretch 1 vs. stretch 2 vs. stretch 4 vs. stretch 8
vs. stretch 16 vs. Post10 vs. Post20 vs. Post30]) were used to analyze all passive resistive
variables. The present findings revealed that the older men had greater passive stiffness
values compared to the young men. No differences were observed between the CA and
CT treatments across stretches for passive torque and ROM; however, differential time
course effects were observed between treatments for passive stiffness. The CT treatment
decreased passive stiffness following one 30-s bout of stretching, whereas for the CA
treatment, passive stiffness did not decrease until stretch 8 (4 min of stretching).
Moreover, during the first 4 min of stretching, greater reductions in passive stiffness were
observed for the CT treatment than the CA treatment. Both treatments showed lower
passive stiffness and torque and higher ROM at Post10, Post20, and Post30 for both age
groups; however, the old men exhibited significantly greater changes for these variables
compared to the young men when collapsed across treatment and time. These findings
may have important stretch-related performance and injury risk implications for a variety
of populations and settings.
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CHAPTERI|

INTRODUCTION

Stretching prior to athletic competition or exercise has traditionally been performed by
athletes and recreationally-active individuals for many years'. Previous studies have suggested
that stretching prior to exercise may reduce passive stiffness and increase range of motion
(ROM), which in turn, may help enhance athletic performance and lower the risk of injury®®,
However, the efficacy of pre-exercise stretching as a performance-enhancing and injury-reducing
modality has recently been questioned, as previous authors have suggested that there may not be
enough evidence to support the claims that stretching improves performance and/or reduces the
risk of injury*”. Nevertheless, stretching is still considered an integral component of fitness® and
because most recreationally-active individuals incorporate some form of stretching into their
training routines prior to participating in strenuous exercise®®, previous research studies'®** have
been heavily focused on identifying the types of stretching techniques that are most effective for

altering the passive stiffness and ROM characteristics of the muscle-tendon unit (MTU).

The majority of previous studies investigating the efficacy of stretching at increasing

ROM and decreasing passive stiffness have primarily examined the effects of



10-17 18,19

static'®*’, proprioceptive neuromuscular facilitation'®*’, ballistic'®, and/or dynamic™* stretching,
with the most common being static stretching™. Static stretching typically involves stretching the
MTU to the point of slight discomfort but not pain and holding this position for an extended period of
time at a constant angle (CA)". These CA types of stretches display a time-dependent property
called “stress relaxation,” which refers to the decrease in passive tension that is observed over
time'™'2. CA static stretching (i.e. for a duration of ~2-8 min) has been shown to be an effective
stretching technique at increasing ROM and decreasing passive resistance in both sedentary and
recreationally-active individuals'®**. Additionally, recent studies have demonstrated that constant-
torque (CT) stretching may also be an effective method for altering the passive resistive properties
(i.e., ROM, passive stiffness, passive torque) of the MTU in these populations™****%. Similar to CA
stretching, CT stretching also elicits time-dependent changes to the MTU. However, unlike CA
stretching, these changes cause small increases in the joint angle referred to as “muscle creep,” which
may allow for greater tension and work to be applied to the MTU, potentially leading to greater
decreases in passive musculotendinous stiffness'*?'. Although CT stretching is technically not static
because of the slight movement that occurs from muscle creep, it is still considered a static stretch by

most studies™*2,

Many stretching studies have used maximum ROM as the primary outcome variable to
determine the ability of a MTU to withstand strain-related injuries®. However, ROM provides limited
information regarding the physiological changes to the MTU?. On the contrary, the passive
mechanical properties of the MTU (i.e., expressed as stiffness) may provide more valid evidence
concerning the effectiveness of stretching at increasing muscle fascicle length, which could help in
decreasing the risk of injury*?. Passive musculotendinous stiffness is a measure of the mechanical
properties of the MTU and is typically calculated as the slope of the angle-torque curve at a specified

12,23,24
M ,23,

joint angle recorded during passive RO . Itis believed that a decrease in passive stiffness at

the same absolute joint angle following an acute bout of stretching is the result of less passive tension



recorded from the MTU?%*?", However, recently previous studies have suggested that passive
stiffness may be more complex than simple decreases in the passive resistance to stretch (i.e., passive
torque)'**%. Although the measurements are closely related, Herda et al.* reported that CT stretching
decreased passive stiffness and passive torque, while CA stretching only decreased the passive
resistance of the MTU. Thus, decreases in passive torque at a given position on the angle-torque
curve may not necessarily reflect a decrease in passive stiffness. However, it is possible that because
passive stiffness is calculated from the slope of the angle-torque curve, changes in the shape of the

curve (rather than changes in passive torque) may be more indicative of changes in passive stiffness™.

Stretching-induced changes in the shape of the angle-torque curve may be related to changes
in the viscoelastic properties of the MTU™. Viscoelasticity describes the MTU’s loading response,
which shows a combination of both elastic and viscous properties, where elastic deformation depends
on the load of the applied stretch and viscous deformation depends on the rate of load application?*°.
Gajdosik® suggested that the stress relaxation response during CA stretching may only affect the
viscosity of the MTU, while the muscle creep response during CT stretching may affect both the
MTU?’s viscous and elastic behavior. Thus, in theory, it is possible that CT stretching, because of
muscle creep, may result in greater changes to the passive stiffness characteristics of the MTU

compared with CA stretching. In support of this hypothesis, Herda et al.™*

recently demonstrated
decreases in passive stiffness after a single 30-s bout of CT stretching with subsequent decreases in
stiffness for up to 4 min of stretching; however, no decreases in passive stiffness were reported
following CA stretching. Moreover, although Cabido et al.* showed that both CA and CT static
stretching caused significant decreases in passive stiffness and increases in ROM, greater changes in
these variables were reported after CT stretching than CA stretching. Thus, CT stretching may elicit
greater changes in the passive properties of the MTU than CA stretching; however, it is unclear

whether differences between techniques exist in the time course responses of these variables after

stretching™. Determining how long changes in the passive properties of the MTU will last following



practical durations (i.e. ~2-8 min) of static stretching may provide important information regarding
recommendations for when stretching should be performed in relation to the start of competition or

exercise®.

Although a number of studies have investigated the effects of CA and CT static stretching on
the passive mechanical properties of the MTU, the majority of these studies have been conducted in
young'®*? and middle-aged™*** adults. Very limited research, however, has been conducted on the
effects of static stretching on the passive resistive properties of the MTU in older populations.
Gajdosik® reported significant decreases in passive resistance of the plantar flexor muscles following
a single 60-s CA static stretch in healthy older males and females. More recently, Sobolewski et al.*
compared the viscoelastic responses between young and old men following 4, 30-s CA and CT static
stretches of the plantar flexors. The authors reported no differences in the muscle creep responses
between the young and old men following the CT stretching; however, they did report significantly
greater relative changes in stress relaxation for the young compared to the old men after the initial 30
seconds of CA stretching®. Taken together, these findings suggest that although CT static stretching
may be equally effective at altering the viscoelastic properties of the MTU in young and old men, CA
stretching may be more effective at decreasing passive resistance in a younger population. On the

contrary, a recent study by Ryan et al.?°

demonstrated that CT stretching of the plantar flexors caused
greater increases in ROM and decreases in passive torque in older versus younger men. Although the
authors did not examine the effects of stretching on passive stiffness, they hypothesized that the
greater changes in ROM and passive torque in the older men may have been due to age-related
increases (i.e. old > young) in tendon compliance®, which may affect the shape of the angle-torque
curve. Thus, based on these findings, it is possible that differences in the passive stiffness responses
to stretch may exist between young and old adults. However, given the paucity of studies relating to

stretching, passive stiffness, and aging, more studies are warranted to further elucidate the acute

effects of stretching on passive stiffness characteristics across the life span.
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The majority of previous studies investigating the effects of CA and CT static stretching on

13,14

the passive properties of the MTU have primarily been conducted on the plantar flexor™* and

hamstring™**2

muscle groups during passive ankle dorsiflexion and knee extension movements,
respectively. However, to our knowledge, no previous studies have investigated the ability of CA and
CT stretching to decrease passive stiffness and increase ROM of the posterior hip and thigh muscles
during a passive straight-leg raise (SLR). Currently, the passive SLR is the most widely used method

of stretching in both young and elderly populations®**

and has been reported to be a safe and reliable
means for assessing the passive properties of the posterior hip and thigh muscles®. Thus, given the
SLR’s widespread use as an assessment tool of the passive musculotendinous resistive properties, and
because of the limited amount of research investigating the acute effects of SLR CA and CT static
stretching in young and older individuals, further research is warranted to examine whether aging has
an effect on the passive stiffness responses of the MTU during these types of stretches. Identification
of the type of static stretching that is most effective at decreasing passive stiffness and increasing
ROM in both young and older individuals may provide important insight regarding implications for
the type of SLR stretch that is to be performed prior to exercise (or rehabilitation) as well as shed

light on the relationships between aging and the number of static stretches that are necessary for

effectively altering the passive resistive properties of the MTU.
Statement of Purpose

The purpose of the present study was to examine the acute effects of static stretching at a
constant angle and constant torque on the passive resistive properties of the posterior hip and thigh

muscles in young and old men.
Hypotheses

1. Ho: There will be no stretching-induced differences in the time course responses for passive

stiffness, passive torque, and ROM between the CA and CT static stretching protocols.
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Ha: The CT stretching will cause greater and/or more rapid changes in passive stiffness,
passive torque, and ROM than the CA stretching.

2. Ho: There will be no differences in the stretching-induced time-course effects on passive
stiffness and passive torque between the young and old men during and/or following the
static stretching.

Ha: Older men will exhibit greater and/or more rapid stretching-induced changes in passive
resistive properties compared to the younger men.

3. Hqo: There will be no differences in passive stiffness between the young and old men.

Ha: The old men will exhibit greater passive stiffness compared to the young men.

Definitions
Passive Torque: The resistance of the muscle-tendon structures measured during passive stretch.
Passive Stiffness: A measure of the mechanical properties of the MTU and is typically calculated as
the slope of the angle-torque curve at a specified joint angle recorded during passive ROM.
Constant Angle Stretching: A type of static stretching which displays a time-dependent property
called “stress relaxation,” which refers to the decrease in passive tension that is observed over time.
Constant Torque Stretching: A type of static stretching that causes small increases in the joint angle
referred to as “muscle creep,” which may allow for greater tension and work to be applied to the
MTU.
Viscoelasticity: Describes the MTU’s loading response, which shows a combination of both elastic
and viscous properties, where elastic deformation depends on the load of the applied stretch and

viscous deformation depends on the rate of load application.

Delimitations
This study will be delimited to convenience samples of participants between the ages of 18 —

30 and 60 — 85 years of age. Additionally, all participants will be required to be male and
6



recreationally active based on their response to a health history questionnaire. Participants will be
ineligible to participate in the study if they have had any recent (6 month) or ongoing neuromuscular
disorders of the lower extremities, based on an initial health screening questionnaire. Participants
will also be excluded from the study in the event that they are not capable of performing the CA

and/or CT static stretching protocols.

Assumptions
1. The samples will be normally distributed and representative of their respective populations.
2. Participants’ responses to the health history questionnaire will be accurate and valid.
3. The equipment will be appropriately calibrated and functioning properly.
4. There will be no data collection, data analyses, data entry or statistical processing errors.
5. The samples for the younger and older groups will be similarly represented in terms of the
population, skeletal composition, and their relative physical fitness levels when compared to

the norms for their respective age groups.

Limitations

1. Differences in the activity levels of participants both between and within the groups may
have an effect on the responses to the CA and CT static stretching protocols.

2. Differences in motivational levels and pain tolerance between participants may produce

varying levels of maximum tolerable torque thresholds.



CHAPTER I

REVIEW OF LITERATURE

The purpose of this review of literature is to present, synthesize, and integrate the
available and pertinent research in the areas of range of motion (ROM), passive torque, and
passive stiffness characteristics pertaining to constant-angle (CA) and constant-torque (CT) static

stretching and the influence of aging on these parameters.
Passive Straight-Leg Raise

Passive musculotendinous resistive properties are commonly assessed via the application

h24, 28,30,35,36

of a dynamic stretc . For the hamstrings specifically, the utilization of a straight-leg

raise (SLR) movement to assess passive resistive properties, such as passive stiffness, passive

torque, and ROM may be important for determining athletic®*"*® and health® status and

|23

predicting lower-body injuries®. For example, Palmer et al.® showed that passive stiffness

coefficients measured from a SLR were effective at discriminating between athletic status in
college-aged athletes and non-athletes. Tafazzoli and Lamontagne® demonstrated that passive
torque values as measured during a SLR were effective at differentiating between health status in

|40

individuals with and without low back pain. Furthermore, Witvrouw et al.™ reported that the



maximum ROM achieved during a SLR could be used to identify athletes who were at risk for

developing strain-related injuries to the hamstrings.

The passive SLR was first described by Forst*" in 1881 as a test for assessing passive
tension of the hamstrings™. Forst credited his teacher Laségue with the hypothesis that the SLR
could be used to diagnose impaired movement of the peripheral nerves (i.e. sciatic nerve) in the
lower body™®. Over time, specific procedures have been developed for performing the passive
SLR, which may be summarized in the following sequence:*>* 1) A firm, level plinth with the
participant lying in a relaxed, supine position. 2) Participant’s trunk and hips placed in a neutral
position without lateral flexion or rotation. Hips neither adducted nor abducted. 3) Primary
investigator ensuring that the participant’s knee remains extended, with the foot in a vertical

plane as the leg is slowly elevated to the onset of pain.
Passive Resistive Properties

Passive musculotendinous properties contributing to the resistance to stretch are thought
to be influenced by several factors, including the stable cross-links between the actin and myosin
filaments (series elastic component), resistance from the actin and myosin filaments directly
(series elastic component), noncontractile proteins of the endosarcomeric and exosarcomeric
cytoskeletons (series elastic component), and deformation of the connective tissues located within
and surrounding the muscle belly (parallel elastic component)®“°. Of these factors, the collagen
fibers within the connective tissues, particularly the perimysium, are considered to be the major
contributors to the resistance of passive stretch®**®. Gajdosik® suggested that the crimped
arrangement of the collagen fibers becomes “uncrimped” as the muscle-tendon unit (MTU)
lengthens, which, in turn, causes a mechanical deformation and realignment of the perimysium

that may partially explain why the slope of the latter portion of the angle-torque curve tends to be



greater than the slope of the initial portion. Future studies are needed to test these hypotheses

with in vivo human musculotendinous models.

Eliciting the stretch reflex may also be a potential factor that contributes to increases in

1. indicated that stretch reflex

the resistance measured during passive stretch®. Lamontagne et a
excitation is velocity-dependent; therefore, passive SLR assessments performed at higher stretch
velocities may elicit a higher stretch reflex excitation, thereby, causing increased activation of the
stretched muscles and possible contamination (with both active force production and passive
tension) of the passive resistive measurements®. The need for a device to control for stretch
velocity has been addressed by several authors who have used isokinetic dynamometers when

performing SLR assessments™****°

. Indeed, previous studies have suggested that the utilization
of an isokinetic dynamometer during a SLR assessment provides reliable, and quantitative
measurements of the passive resistive characteristics of the posterior muscles of the hip and thigh
by controlling for the velocity of stretch®*®. On the contrary, some studies have used manual
techniques to perform SLR-related movements®*>*. These manual assessments typically consist
of the primary investigator applying resistance against a load cell positioned immediately
posterior to the heel while the leg is moved toward the head. Although these manual techniques
have been shown to provide equally reliable passive stiffness and ROM measures as compared to
those from an isokinetic dynamometer?, they are often performed at high stretch velocities®, and
because higher stretch velocities may evoke a higher stretch reflex excitation?, it is possible that

manual techniques have a greater potential for eliciting the stretch reflex, and consequently higher

electromyographic (EMG) activity than automated techniques using an isokinetic dynamometer.

Moreover, previous studies examining the passive resistive properties during dynamic

stretch have used EMG amplitude signals to ensure that the stretches are performed

2,11,12,23,30,

passively % Specifically, these studies have taken EMG amplitude values during passive

stretching and have normalized them to the peak EMG amplitude that is recorded during pre-
10



stretch isometric maximal voluntary contractions (MVCs). Normalized EMG signals are

12,52

typically expressed as a percentage of the MVC peak EMG amplitude™°. Many

2,11,12,23,30,

studies % have set a threshold to where ROM assessments cannot be considered passive

if the corrected and normalized EMG amplitude is greater than 5% of MVC.

Stretching prior to athletic competition or exercise has traditionally been performed by
athletes and physically-active individuals for many years'. Previous studies have suggested that
stretching prior to exercise may reduce passive stiffness and increase ROM, which in turn, may
help enhance athletic and functional performance and lower the risk of injury®®. However, the
effectiveness of pre-exercise stretching as a performance-enhancing and injury-reducing modality
has recently been questioned, as previous authors have suggested that there may not be enough
evidence to support the claims that stretching improves performance and/or reduces the risk of
injury*”. Nevertheless, stretching is still considered an integral component of fitness? and
because most physically-active individuals incorporate some form of stretching into their training
routines prior to participating in strenuous exercise®®, previous studies'®** have been heavily
focused on identifying the types of stretching techniques that are most effective for altering the

passive stiffness and ROM characteristics of the MTU.

Passive stiffness is a measure of the mechanical properties of the MTU and is often
displayed in graphic form as the relationship between passive resistive torque and joint angle
displacement (i.e., passive angle-torque curve)®. It is believed that a decrease in passive stiffness
at the same absolute joint angle following an acute bout of stretching is the result of less passive

torque recorded from the MTU*#*%

. However, recent studies have suggested that passive
stiffness may be more complex than simple decreases in passive torque***2. Although the
measurements are closely related, Herda et al.™? reported that CT stretching decreased passive
stiffness and passive torque, while CA stretching only decreased the passive resistance (i.e.

passive torque) of the MTU. Thus, decreases in passive resistance at a given position on the
11



angle-torque curve may not necessarily reflect a decrease in passive stiffness. However, it is
possible that because passive stiffness is calculated from the slope of the angle-torque curve,
changes in the shape of the curve, rather than changes in passive torque, may be more indicative

of changes in passive stiffness®.

The loading response of the MTU during dynamic stretch is characterized by viscoelastic
behavior®. Viscoelasticity is a combination of both elastic and viscous properties, where elastic
deformation depends on the load of the applied stretch, and viscous deformation depends on the
rate of load application®?°. McHugh et al.”® was the first study to investigate the effects of
viscoelastic stress relaxation in human skeletal muscle, in vivo, during a passive stretch of the
hamstrings. The concept of viscoelastic stress relaxation suggests that when a muscle is under
stress due to tension from stretch, the tissue begins to ‘relax,” causing decreased tension at a CA.
In order to test viscoelastic stress relaxation of the hamstrings in human skeletal muscle, McHugh
et al.” developed an apparatus using a load cell (to measure force) in series with a chain that was
attached to the subject’s ankle. An electrogoniometer was attached at the hip joint to measure
ROM. During testing, the primary investigator stood behind the subject and pulled slowly on the
chain attached at the ankle, placing tension on the hamstrings. The investigator continued to pull
at an approximate 90 degree angle in relation to the ankle until maximum ROM was reached. At
this point, the investigator continued to pull for a count of 45 s so that the subject’s hamstrings
were held under stress at a CA. Results showed that when held at a CA, passive tension from the
hamstrings significantly decreased during a 45 s stretch at both maximum ROM and at a sub-
maximal ROM position. These findings demonstrated the capacity for viscoelastic stress

relaxation in human skeletal muscle, in vivo.

More recently, other studies have demonstrated the capacity for viscoelastic creep in
human skeletal muscle®**. Viscoelastic creep is the resulting increase in joint angle caused by

the CT applied to the MTU during stretch. Ryan et al.* recently characterized viscoelastic creep
12



in the human skeletal MTU by having participants perform a single 30-s CT stretch of the plantar
flexors. The authors found that position increased over the entire 30 s stretch, while the majority
of the increases in position took place during the initial 15-20 s. Intraclass correlation
coefficients of >0.994 and standard error of measurement values (expressed as a percentage of the
mean) of <1.54% indicated that the viscoelastic creep responses in human skeletal MTUs may be

reliable for future studies.
Passive Stiffness, Muscle Size, and Static Stretching

Gajdosik® suggested that the number of passive components (series and parallel elastic
components) within a muscle is related to the size of the muscle and, therefore, an increase in
passive component quantity and thus muscle size may, in theory, lead to greater passive stiffness.
Many studies have presented evidence in support of this hypothesis by demonstrating significant
linear relationships between passive stiffness and muscle cross-sectional area (CSA)**>*%. For
example, Ryan et al.® examined the relationship between CSA of the plantar flexors and the
passive properties of the MTU. The authors measured the CSA of each participant’s plantar
flexor muscles using a peripheral quantitative computed tomography (pQCT) scanner. The
passive properties of the MTU were assessed by examining passive stiffness and passive energy
absorption of the plantar flexors using an isokinetic dynamometer. Passive stiffness was
determined from the slope of the final 5° of the length-tension curve during passive dorsiflexion
of the foot at the ankle. Passive energy absorption was calculated from the area underneath the
length-tension curve during the same final 5°. Results showed significant positive relationships
between muscle CSA and passive stiffness and energy absorption. These findings suggest that
individuals who possess greater muscle CSA may also have greater passive stiffness and energy

absorption values than those who possess lower muscle CSA.

13



In addition to the significant relationship reported by Ryan et al.*®

between passive
stiffness and muscle CSA of the plantar flexors, other investigations have also demonstrated
significant positive relationships between passive stiffness and muscle CSA of the forearm
flexors™ and hamstrings®™®’. Given these significant relationships, previous authors have
revealed that normalizing measurements of stiffness to muscle CSA may effectively remove the

influence of muscle size®**

, thereby improving the comparisons made between the passive
resistive properties in participants whose muscles are of different thicknesses®®. Based on these
findings, future studies comparing groups of individuals with varying muscle thickness should

consider normalizing measurements of passive stiffness to muscle CSA.

At present, the most common technique used to increase ROM and decrease passive
stiffness of the MTU involves the use of static stretching™*2. Static stretching typically involves
stretching the MTU to the point of slight discomfort but not pain and holding this position for an
extended period of time at a constant joint angle™. These CA types of stretches display a time-
dependent property called “stress relaxation,” which refers to the decrease in passive tension that
is observed over the time under stretch**?. CA static stretching has been shown to be an
effective stretching technique at altering the passive resistive properties in both sedentary and
recreationally-active individuals'®™. For example, Herda et al.* reported that 8 min of CA
stretching increased ROM and decreased passive torque in a group of college-aged,
recreationally-active males. Although CA stretching has been shown to be an effective modality
for increasing ROM and decreasing the resistance to stretch (i.e. passive torque), few studies have
demonstrated its ability to decrease passive stiffness. Indeed, several authors have suggested that
CA static stretching may be an ineffective modality at decreasing the passive stiffness properties
of the MTU™ . The need for a static stretching technique to effectively alter passive stiffness
has been suggested by previous studies that have used CT static stretching™'***%. Similar to CA

stretching, CT stretching also elicits time-dependent changes to the MTU. However, unlike CA

14



stretching, these changes cause small increases in the joint angle referred to as “muscle creep,”
which may allow for greater tension and work to be applied to the MTU, potentially leading to
greater decreases in passive stiffness'>?!. Although it could be argued that CT stretching is
technically not static because of the slight movement that occurs during the stretch (from muscle

creep), it typically falls under the category of static stretching™*2.

Gajdosik® suggested that the stress relaxation response during CA stretching may only
affect the viscosity of the MTU, while the muscle creep response during CT stretching may affect
both the MTU’s viscous and elastic behavior. Therefore, it is possible that CT stretching, because
of muscle creep, may result in greater decreases to the passive stiffness characteristics of the
MTU compared with CA stretching™. In support of this hypothesis, many previous studies™®**

investigating the effects of CA and CT stretching have demonstrated greater decreases in passive

stiffness following CT stretching.

Although a number of studies have presented evidence that CT stretching elicits greater

decreases in passive stiffness than CA stretching, conflicting findings have been reported

1014 For

regarding differences in the effects of CA and CT stretching on ROM and passive torque
example, Herda et al." recently demonstrated that CT stretching did not result in greater ROM or
passive torque changes compared with CA stretching, whereas Yeh et al.** reported that CT
stretching caused greater changes in ROM and passive torque than CA stretching. It was
suggested that the discrepancies in these findings between studies may have been due to
differences in the dosages of stretching®™. Yeh et al.** applied stretches continuously for 30 min,

IlZ

whereas Herda et al.™ performed cyclical stretching for a total time under stretch of 8 min.

Effects of Aging and Stretching

Previous authors that have investigated the effects of aging (i.e. young versus older

20,32,61-63

adults) on passive ROM have reported contrasting findings . For example, Sobolewski et
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al.* reported no differences in ROM of the plantar flexors between young and old men, whereas
Gajdosik® reported that ROM of the plantar flexors decreased with increasing age groups in
young, middle-aged, and older women. While it is uncertain why age-related differences in ROM
have been reported in some studies but not in others, various theories have been proposed to
explain the increases in ROM that are typically observed following an acute bout of static
stretching®. Most of these theories attribute increases in ROM to changes in the mechanical
properties of the MTU™#"%, For example, Herda et al."* suggested that the decreases in the
passive mechanical properties (i.e. passive torque, passive stiffness) of the MTU during static
stretching may have accounted for the observed increases in ROM. Moreover, McHugh et al.*
reported that maximum ROM as measured from a SLR was negatively related to increases in
passive torque during the initial portion of the angle-torque curve. Thus, it is possible that

increases in ROM after stretching may be attributable to decreases in passive resistance.

Magnusson et al.® suggested that stretching-induced increases in ROM without changes
in passive stiffness or passive torque may be the result of an enhanced capacity to tolerate a
greater amount of stretch. Thus, changes in stretch tolerance may be another possible mechanism
that explains for the increases in ROM that are observed after stretching in both young and old
adults. Indeed, many previous studies®®® have reported no changes in the shape of the passive
angle-torque curve following an acute bout of stretching; however, these studies did report

increases in ROM, which could be due to alterations in stretch tolerance.

Similar to ROM, the effects of aging on passive stiffness have previously been reported
with conflicting results®*®*%° For example, Chesworth and Vandervoort® reported no
differences in passive stiffness of the plantar flexors between young, middle-aged, and older
women, whereas Sobolewski et al.* reported that passive stiffness of the plantar flexors was
significantly higher in older compared to younger men. Discrepancies in the findings between

these studies may be due to differences in the type of stiffness values that were reported. For
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example, Chesworth and Vandervoort®

reported absolute stiffness values (i.e. stiffness was
measured in Nm-deg™), whereas Sobolewski et al.* reported relative stiffness values that were
normalized to calf girth measurements (i.e. stiffness was measured in Nm-deg™.cm™).
Differences in muscle CSA between young and older individuals may have a significant effect on
the age-related differences in passive stiffness. Therefore, future aging studies should consider

normalizing passive stiffness to muscle CSA (or girth) to provide a better comparison of the

passive resistive properties between different age groups®.

Because Sobolewski et al.*

normalized passive stiffness values to muscle CSA (i.e. calf
girth), it is possible that their findings of greater passive stiffness for older compared to younger
men may have been due to qualitative factors (i.e., increases in collagen/fibrous tissue content
and the amount of cross-linking) rather than changes in muscle size™. Previous studies have
suggested that ultrasound (US) measurements of echo intensity (EI) may provide an index of

muscle quality™"

. El measurements are typically obtained through gray-scale analysis of
individual pixels within the US image and have been correlated with skeletal muscle infiltration
of fat and fibrous tissue”*. Although there are no studies to date that have examined the
relationships between El and passive stiffness, it is possible that potential increases in
intramuscular fat and fibrous tissue content across the lifespan may be reflected by decreases in

muscle quality (i.e. increased El values as measured from US), which could be a potential

contributor to the greater passive stiffness values observed in older compared to younger men.

Very few studies have investigated the effects of aging on the efficacy of static stretching
at decreasing passive stiffness (and/or passive torque) and increasing ROM# 3%, Recently,

Sobolewski et al.*

compared the viscoelastic responses between young and old men following 4,
30-s CA and CT static stretches of the plantar flexors. No differences in the muscle creep
responses between the young and old men were reported following the CT stretching; however,

the authors did report significantly greater relative changes in stress relaxation for the young
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compared to the old men after the initial 30 s of CA stretching®. Collectively, these findings
suggest that although CT static stretching may be equally effective at altering the viscoelastic
properties of the MTU in young and old men, CA stretching may be more effective at decreasing
passive torque in a younger population. On the contrary, a more recent study by Ryan et al.”
showed that CT stretching of the plantar flexors caused greater increases in ROM and decreases
in passive torque in older versus younger men. It was hypothesized that the greater changes in
ROM and passive torque in the older men may have been due to age-related increases in tendon
compliance, which may have an effect on the shape of the angle-torque curve®. Although Ryan
et al.” did not examine the effects of CT stretching on passive stiffness, based on their findings, it

is possible that differences in the time course responses of passive stiffness to stretch may exist

between young and older adults.
Time Course of Passive Stiffness Responses to Stretching

Limited research has been conducted on the time course of passive stiffness responses

1112178 Ryan et al.* used a randomized, repeated-

following various durations of static stretching
measures design (time [pre-stretching versus post-stretching versus 10 min versus 20 min versus
30 min post-treatment] x condition [control versus 2 min versus 4 min versus 8 min] x joint angle
[1° versus 5° versus 9° versus 13° for the final 13° of the ROM]) to investigate the time course of
passive stiffness responses to various durations of CT static stretching of the plantar flexor
muscles. Results from this study indicated a significant decrease in passive stiffness (relative to
the control (i.e. no stretching treatment)) immediately following 2 min, 4 min, and 8 min of acute
static stretching. Passive stiffhess returned to baseline following 10 min post-stretching for the 2
min condition; however, stiffness did not return to baseline until 20 min post-stretching for both
the 4 min and 8 min conditions. Based on these results, it was suggested that there may be a

threshold necessary for decreases in passive stiffness, which may be approximately 2 min of

static stretching. In addition, longer acute stretching bouts (4 minutes and 8 minutes) may have a
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prolonged effect on suppressing passive stiffness before returning to baseline. If reductions in
passive stiffness aid in the prevention of strain-related injuries, these results suggest that practical
durations of stretching (2 — 8 min) for the plantar flexors should be performed within 10 — 20 min

of the start of competition or exercise.

A recent study by Herda et al.*

also used a randomized, repeated-measures design
(treatment [CA vs CT] x stretch (1 vs 2 vs 4 vs 8 vs 16)] to examine the time course responses of
the passive properties during 8 min (i.e. 16, 30 s stretches) of CA and CT static stretching of the
hamstrings. The authors reported a significant decrease in passive stiffness after a single 30 s
bout of CT stretching with subsequent decreases in stiffness for up to 4 min of stretching;
however, no decreases in passive stiffness were reported following CA stretching. Furthermore,
passive torgue decreased and ROM increased following one 30 s bout of static stretching
(collapsed across CA and CT stretching) with additional decreases and increases for up to 4 and 8
min of stretching, respectively. Based on these findings, the authors suggested that CT stretching
should be used for populations where decreases in stiffness are the objective and that a single 30-s
bout of CT stretching can decrease stiffness with subsequent decreases for up to 4 min of
stretching. However, it remains unknown how long changes in the passive properties will last
following CA and CT stretching™ and thus, future studies are needed to identify which stretching

method is most effective at suppressing passive stiffness for an extended period of time before

returning to baseline.
Conclusions

Passive musculotendinous resistive properties of the posterior hip and thigh muscles are
commonly assessed via the application of a SLR**%*. Although the assessment of passive
stiffness, ROM, and passive torque is commonplace in the literature, fewer studies have examined

the influence of aging on these variables. It is believed that a decrease in passive stiffness at the
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same absolute joint angle following an acute bout of stretching is the result of less passive torque
recorded from the MTU??*?. However, it is possible that because passive stiffness is calculated
from the slope of the angle-torque curve, changes in the shape of the curve, rather than passive
torque, may be more indicative of changes in passive stiffness'?. Many studies have reported that
CT caused greater decreases to the passive stiffness characteristics of the MTU compared with
CA stretching'®™*. However, given the paucity of studies relating to stretching-induced changes
in passive stiffness and aging, more studies are warranted to further elucidate the acute effects of
CA and CT stretching on passive stiffness characteristics across the age span. Improving our
understanding of these functional consequences and processes may provide researchers,
clinicians, coaches, athletic trainers, and other practitioners with the knowledge to better
prescribe and evaluate pre-exercise stretching protocols, to improve functional performance, and

reduce the risk of injuries in a wide variety of populations and settings.
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CHAPTER I

METHODS

Participants

Twenty-one young and nineteen old healthy, recreationally-active males were recruited
for participation in this study. None of the participants reported any acute or chronic
neuromuscular diseases or musculoskeletal injuries specific to the ankle, knee, or hip joints. This
study was approved by the institutional review board for human subjects research at Oklahoma
State University, and prior to any testing, each participant completed an informed consent

document and health history questionnaire.
Experimental Design

This study used a between-subjects randomized, repeated-measures crossover design to
examine the acute time course responses of repeated CA and CT static stretching on passive
stiffness, passive torque, and ROM of the posterior hip and thigh muscles in healthy young and
old men. Each participant visited the laboratory three times, separated by 2 — 7 days at
approximately the same time of day (£ 2 h). The first visit was a familiarization trial, and the
next two visits were experimental trials in randomized order (CA or CT stretching)™. During the

familiarization trial, participants practiced the testing procedures by performing several CA and
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CT SLR static stretches. In addition, panoramic US imaging assessments of the hamstrings
muscle group were performed on the right leg, and the maximum tolerable torque threshold was
determined for each individual as the point of discomfort but not pain as verbally acknowledged
by the participant during a series of passive SLR assessments. This predetermined torque
threshold was used during the experimental trial for the CT static stretching. For each
experimental trial, participants completed pre-stretch maximal voluntary contractions (MVCs)
followed by the stretching intervention and a post-stretching assessment at 10, 20, and 30 min
after the intervention. Participants were instructed to maintain the same lifestyle between trials

and to refrain from any vigorous physical activity or exercise within 24 h of testing.
Passive Stiffness, Passive Torque, and ROM

Passive stiffness, passive torque, and ROM of the posterior muscles of the hip and thigh
were quantified during each SLR stretch and post-stretching assessment using a calibrated Biodex
System 3 isokinetic dynamometer (Biodex Medical Systems Inc., Shirley, NY) programmed in
passive mode to move the foot toward the head at 5°-s*. For each SLR, participants laid in a
supine position, with the knee braced in full-extension and the ankle immobilized in a neutral 90°
position (between foot and leg) with a custom-made cast that was fixed around the foot and held
with straps above the ankle and over the toes and metatarsals. During the SLR, the input axis of
the dynamometer was aligned slightly superior and anterior to the greater trochanter of the femur
to account for movement of the greater trochanter and restraining straps were placed over the
participants’ left unstretched thigh and ankle. SLRs were performed on the right leg to the point
of discomfort but not pain as indicated by the participant (regarded as maximum ROM for the CA
stretching and post-stretching assessments) or to the point when the torque threshold of the
isokinetic dynamometer was initially met (regarded as maximum ROM for the CT stretching)*.
Stretches in both treatments (CA and CT stretching) were performed for 30-s bouts with a 20-s

rest period between bouts, in which the leg was returned to the baseline position™*
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hip joint angle of 35° above the horizontal plane?. Each participant completed sixteen 30-s bouts
of stretching totaling 8 min of time under stretch and lasting approximately 20 total min*. All

participants experienced both stretching treatments in a random order'?. The SLR post-stretching
assessments were performed in a similar fashion to the SLR CA and CT stretches; however, once

maximum ROM was reached, the leg was immediately returned to the baseline position.
Surface Electromyography

Surface electromyography (EMG) was recorded for the biceps femoris from bipolar pre-
amplified electrodes (TSD150B, Biopac Systems Inc., Santa Barbara, CA) with a fixed center-to-
center interelectrode distance of 20 mm and a gain of 350. The electrodes were taped directly to
the skin and were placed at 50% of the distance between the ischial tuberosity and the lateral
epicondyle of the tibia. The electrode placements were based on the recommendations of
Hermens et al.”*. To decrease the interelectrode impedance, the skin was shaved and cleansed
with isopropyl alcohol before electrode placement. A single pregelled disposable electrode
(EL502, Biopac Systems Inc., Aero Camino, CA) was placed on the palmar side of the right wrist

to serve as a reference electrode.

EMG amplitude was calculated with a root-mean square (rms) function for 200-ms
epochs corresponding to each whole-number degree during the ROM. According to the

procedures of Herda et al.*

, EMG amplitude baseline noise values were subtracted from the
EMG amplitude values recorded during the passive SLR stretches and post-stretching
assessments. Furthermore, the corrected EMG amplitude values (uVrms) were normalized to the

corresponding pre-stretch isometric MVCs and expressed as a percentage of the MVC EMG

amplitude.

For the MVC assessments, participants performed two 5-s isometric MVCs of the

posterior muscles of the hip and thigh while lying supine with restraining straps placed over the
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waist, left thigh, and ankle. During the MV Cs, the thigh and leg were in the same 35° hip-flexion
position as the starting point of the passive SLR stretches and post-stretching assessments.
Participants were asked to extend the thigh as hard as possible for a total of 5-s. Isometric peak
torque (PT) for each MVC was determined as the highest mean 500-ms epoch during the torque
plateau, and the highest PT trial was selected for subsequent EMG normalization. EMG
amplitude (uVrms) was quantified during the same 500-ms epoch used to calculate PT and was
considered 100% (maximal) voluntary activation. The SLR stretches and post-stretching
assessments could not be considered passive if the corrected and normalized EMG amplitude was
greater than 5% of MVC in accordance with Gajdosik et al.>* and Herda et al.”. Consequently,
data from one young and two older participants were excluded from the analyses. All subsequent
statistical analyses were performed on the data from the remaining 20 young and 17 older

participants.
Panoramic Ultrasound Imaging Assessments

Participants laid on a padded wooden table in the prone position with the lower limbs
extended and relaxed, while panoramic US imaging assessments were performed of the hamstring
muscle group, which included the long head of the biceps femoris (BF), semitendinosus (ST), and
semimembranosus (SM) muscles. To prevent rotation and movement of the leg during the
assessments, an adjustable restraining strap was placed over the distal lower limb of the right leg
while the foot was relaxed in a neutral position against the wall. All assessments were performed

after participants had rested for 10 min to allow for any fluid shifts to stabilize .

Panoramic US images of the hamstring muscle group were obtained on the right leg using
a portable B-mode US imaging device (GE Logiqg S8, Milwaukee, WI) and linear-array probe
(Model ML6-15-D; 4-15 MHz; 50 mm field-of-view). US settings were optimized for image

quality, including gain (50 dB), depth (8 cm)™, and frequency (12 MHz), and were set prior to

24



testing and held constant between participants and across trials™. All US images were scanned in
the transverse plane at 50% of the distance between the greater trochanter and the lateral joint line
of the knee® and were marked while the participants were standing in an upright position’. For
each scan, the primary investigator moved the probe manually at a slow and continuous rate along
the surface of the skin from the lateral to the medial sides of the hamstring musculature using a
special function on the US imaging device called LogiqView (GE Logiqg S8). An adjustable,
custom-made apparatus that was fitted over each participant’s right thigh (at the midpoint of the
thigh) was used during each assessment to assist with keeping the probe perpendicular to the skin,
and a generous amount of water-soluble transmission gel was applied to both the probe and the
skin to provide acoustic coupling without depressing the dermal surface”’. For each participant,
two panoramic US images were taken and the mean was calculated for each of the dependent
variables which included muscle CSA and EI. The same experienced sonographer (T.B.P.)
performed all assessments and following the completion of each scan, reviewed the images to

ensure they were of sufficient quality”.

All US images were analyzed using ImageJ software (version 1.47v; National Institutes
of Health, USA). Prior to analysis, each image was scaled individually from area in pixels to
centimeters with the straight-line function using a known distance of 1 cm™. Muscle CSA of the
BF, ST, and SM were determined using the polygon selection function by selecting a region of
interest (ROI) within each muscle that included as much of the muscle as possible without any
surrounding bone or fascia’>. Muscle quality was determined from the El values assessed by
gray-scale analysis using the standard histogram function of the same pre-selected ROIs that were
used to calculate CSA for each muscle™. El values in the ROIs were calculated in arbitrary units
(AU) on a 0-255 scale (black =0, white= 255). In addition to the individual hamstring muscles
(BF, ST, and SM), whole hamstring muscle CSA and EI were also determined by taking the sum

of the CSAs and the mean of the Els of the BF, ST, and SM muscles, respectively.
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All passive stiffness and torque values were normalized to whole muscle CSA of the

passive stiffness passive torque

|24

hamstrings (i. e. ) per the recommendation of Ryan et a

muscle CSA muscle CSA
Signal Processing

During each SLR CA and CT static stretch and post-stretching assessment, torque (Nm),
joint angle position (°), and EMG (uV) signals were sampled simultaneously at 1 kHz
(MP100WSW, Biopac Systems, Inc, Santa Barbara, CA), stored on a personal computer (Dell
Inspiron 8200; Dell, Inc, Round Rock, TX), and processed off-line using custom-written software
(LabVIEW, Version 11.0; National Instruments, Austin, TX). Torque and position signals were
low-pass filtered, with a 10-Hz cutoff (zero-phase lag, fourth-order Butterworth filter). The EMG
signal was scaled and bandpass filtered (zero-phase lag, fourth-order Butterworth filter) from 20

to 400 Hz. All subsequent analyses were conducted on the scaled and filtered signals.

For passive torque, gravity correction was performed during each SLR stretch and post-
stretching assessment using a cosine function in which the limb mass was subtracted from the
torque signal across the ROM. The scaled and gravity-corrected torque and joint angle signals
were plotted as passive angle-torque curves and fitted with a fourth-order polynomial regression

model based on the equation reported by Nordez et al.®

(Figure 1). Passive stiffness, passive
torque, and EMG were quantified at the second to last common joint angle (8) among selected
stretches (i.e., stretch 1, stretch 2, stretch 4, stretch 8, and stretch 16) and at 10 (Post10), 20
(Post20), and 30 (Post30) min post-stretching for each participant***. Consequently, the same
absolute joint angle was used for each participant to calculate passive stiffness, passive torque,
and EMG for each SLR stretch and post-stretching assessment. Passive stiffness values were
calculated with the following equation, where m, n, o, p, and q were coefficients and 0 denotes
the joint angle in the fourth-order polynomial regression model that was fitted accordingly with

the passive angle-torque curve:
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passive torque = m0* + n03 + 002 + pb + q

Passive stiffness was subsequently calculated with the following equation:

passive stiffness () = 4m03 + 3n02 + 200 + p

16
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10

Passive Torque

®m)

0 20 40 60 80 100 120
Joint Angle (°)

Figure 1. An example of a single, passive angle-torque curve tracing taken from a participant
during an instrumented straight-leg raise. Passive stiffness, passive torque, and EMG were
quantified at the second to last common joint angle (0) among selected stretches and post-
stretching assessments.

Statistical Analyses

Independent samples t-tests were used to analyze differences in demographic
characteristics and muscle CSA and EI of the BF, ST, SM, and whole hamstrings between the
young and old men. Four separate two-way mixed factorial analysis of variances (ANOVAS)
(group [young vs. old] x treatment [CA vs. CT]) were used to analyze all baseline (i.e. stretch 1)
passive resistance characteristics. Pearson product-moment correlation coefficients (r) from the
pooled data of all participants (young and old men, n = 37) were calculated to examine the

relationships between passive stiffness at baseline (collapsed across treatment) and the EI values
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for each muscle. In addition, four separate three-way mixed factorial ANOVAs (group [young
vs. old] x treatment [CA vs. CT] x time [stretch 1 vs. stretch 2 vs. stretch 4 vs. stretch 8 vs.
stretch 16 vs. Post10 vs. Post20 vs. Post30]) were performed using the relative percentage scores

(% of stretch 1 values)®"®

to analyze the effects of the stretching treatments on passive stiffness,
passive torque, ROM, and EMG amplitude. When appropriate, follow-up analyses included
lower-ordered ANOVAs and Bonferroni-corrected independent and dependent samples t-tests.
Statistical analyses were performed using IBM SPSS Statistics v. 21.0 (SPSS Inc., Chicago, IL,
USA), and an alpha level of P <0.05 was used to determine statistical significance. All data are

presented as mean + standard deviation (SD), except for in the figures, where data are mean *

standard error of the mean (SEM) for clarity of presentation.
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CHAPTER IV

RESULTS

Baseline Passive Resistance Characteristics and Muscle Size and Quality

All participants’ demographic characteristics and hamstring CSA and EI values are
presented in Table 1. Table 2 lists the baseline values (mean + SD) for passive stiffness, passive
torque, ROM, and EMG amplitude and Table 3 shows the relative percentage scores (% of stretch
1) across all time periods. There was a significant difference in age (P <0.001), but not body
mass (P = 0.673) and height (P = 0.406) between the young and old men (Table 1). The old men
exhibited lower CSA and higher EI values than the young men for the BF (P <0.001), ST (P <
0.019), SM (P <0.002), and whole hamstring muscle (P <0.001) (Table 1). For passive stiffness
at baseline, there was no two-way interaction (P = 0.881) and no main effect for treatment (P =
0.795), but there was a main effect for group (P = 0.030). The old men demonstrated higher
passive stiffhess values compared to the young men when collapsed across treatment (Figure 2).
In addition, significant positive relationships were observed between passive stiffness (collapsed
across treatment) and El values for the BF (r =0.411; P =0.012), ST (r =0.373; P = 0.023), SM
(r = 0.453; P = 0.005), and whole hamstring musculature (r = 0.441; P = 0.006; Figure 3). For

passive torque, ROM, and EMG amplitude at baseline, there were no interactions (P = 0.560-

29



0.952), no main effects for treatment (P = 0.214-0.998), and no main effects for group (P =

0.096-0.901).

Passive Stiffness

For passive stiffness, there was no three-way interaction (P = 0.904) and no two-way
interactions for group x treatment (P = 0.584) or group x time (P = 0.404), but there was a two-
way interaction for treatment x time (P =0.001). There was also a significant main effect for
group (P = 0.034), such that the older men had lower stiffness values than the younger men when
collapsed across treatment and time (Figure 4). Follow up analyses for the treatment x time
interaction (Figure 5) revealed that for the CA stretching treatment, stretch 1 was greater than
stretches 8, 16, and Post10, Post20, and Post30 (P < 0.002); however, no differences were
observed between stretch 1 and stretches 2 and 4 (P >0.999). For the CT stretches, stretch 1 was
greater than stretches 2, 4, 8, 16, and Post10, Post20, and Post30 (P < 0.001); stretch 2 was
greater than stretches 8 (P = 0.003), 16 (P = 0.016), and Post10 (P = 0.038); however, no
differences were observed between any of the other CT static stretches (P > 0.415). In addition,
dependent samples t-tests indicated that passive stiffness was greater for the CA stretching

treatment than the CT stretching treatment for stretches 2, 4, and 8 (P < 0.039).

Passive Torque

For passive torque, there was no three-way interaction (P = 0.852), no two-way
interactions for group x treatment (P = 0.692), group x time (P = 0.171), or treatment x time (P =
0.802), and no main effect for treatment (P = 0.588), but there were main effects for group (P =
0.010) and time (P < 0.001) (Figure 6). The old men had lower values than the young men when
collapsed across treatment and time (Figure 4). Moreover, further analysis (collapsed across
group and treatment) indicated that stretch 1 was greater than stretches 2, 4, 8, 16, and Post10,

Post20, and Post30 (P < 0.001); stretch 2 was greater than stretches 4, 8, and 16 (P < 0.001);
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stretch 4 was greater than stretches 8 and 16 (P < 0.001), and stretch 8 was greater than stretch 16
(P <0.001). Inaddition, there were no significant differences between stretch 2 and Post10,
Post20, and Post30 (P > 0.999); however, stretches 4, 8, and 16 were greater than all post-

stretching time points (P < 0.001).

Range of Motion

For ROM, there was no three-way interaction (P = 0.699), no two-way interactions for
group x treatment (P = 0.430), group x time (P = 0.133), or treatment x time (P = 0.911), and no
main effect for treatment (P = 0.781), but there were main effects for group (P = 0.001) and time
(P < 0.001) (Figure 7). The old men had greater values compared to the young men when
collapsed across treatment and time (Figure 4). Further analysis (collapsed across group and
treatment) indicated that stretch 1 was less than stretches 2, 4, 8, 16, and Post10, Post20, and
Post30 (P < 0.001); stretch 2 was less than stretches 4, 8, 16 and Post10, Post20, and Post30 (P <
0.001); stretch 4 was less than stretches 8, 16, and Post10, Post20, and Post30 (P < 0.002); stretch
8 was less than stretch 16 (P = 0.004); however, no differences were observed between stretches

8 and 16 and all post-stretching time points (P > 0.070).

EMG Amplitude

For EMG amplitude, there was no three-way interaction (P > 0.999), no two-way
interactions for group x treatment (P = 0.921), group x time (P = 0.999), or treatment x time (P >
0.999), and no main effects for group (P = 0.764), treatment (P = 0.891), or time (P = 0.998)
(Figure 8). EMG amplitude was not different between the young and old men at any time point

and did not change from baseline for both the young and old (Figure 4).
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Table 1.

Mean (SD) values for demographic characteristics and muscle size
and quality for the young and old men.

Variable Young (7 =20) Old (n=17)
Age (yn)* 24.60 (2.98)  71.88 (3.86)
Height (cm) 176.00 (5.24)  174.52(5.44)
Mass (kg) 8732 (1532)  85.48 (9.80)
BF CSA (em?)* 14.78 3.19)  11.01 (2.76)
BF EI (AU)* 73.78 (9.26)  92.32(11.00)
ST CSA (em2)* 8.71 (3.00) 6.77 (1.67)

ST EI (AU)* 76.46 (10.61)  95.75 (11.68)
SM CSA (cm?)* 8.38 (2.78) 5.29 (1.43)

SM EI (AU)* 79.97 (9.82)  94.94(16.71)

Whole Hamstring CSA (em2)*  31.86 (6.47) 23.07 (4.11)
Whole Hamstring EI (AU)* 76.74 (9.17)  94.34(11.76)

BF =biceps femoris; CSA = cross-sectional area; EI = echo intensity;
SM = semumembranosus; ST = semitendinosus.
* indicates significant difference between the young and old men (P < 0.05).
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Table 2.

Mean (SD) values for baseline passive stiffness, passive torque, range of motion (ROM), and
electromyographic (EMG) amplitude for the young and old men.

Variable Group Constant Angle Constant Torque IMean Treatment
Passive Stiffness  Young 0.05 (0.03) 0.05 (0.03) 0.05 (0.03)
(Nm-degl-cm?)
Old 0.07 (0.04) 0.07 (0.03) 0.07 (0.04)*
Mean Stiffness  0.06 (0.04) 0.06 (0.03)
Passive Torque  Young 1.24 (0.73) 1.26 (0.73) 1.25(0.72)
(Nm-cm?)
Old 1.53(0.92) 1.51 (0.81) 1.52:(0.85)
Mean Torque 1.37 (0.82) 1.38 (0.77)
ROM Young 85.60 (20.56) 87.35 (19.88) 86.48 (19.98)
d
(deg) Old 74.35(17.03) 78.65(18.23) 76.50 (17.51)
Mean ROM 80.43 (19.60) 83.35(19.38)
EMG Amplitude  Young 0.62 (1.95) 0.64 (1.92) 0.63(1.91)
(%omax)
Old 0.51 (3.44) 0.55 (3.03) 0.53(3.19)
Mean EMG 0.57 (2.70) 0.60 (2.46)

* indicates significant difference between the young and old men when collapsed across
treatment (P < 0.05).
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Figure 2. Baseline passive stiffness values for the young and old men for the constant angle
(CA) and constant torque (CT) stretching treatments. * indicates a main effect for group showing
that the old men were greater than the young. Values are mean + SEM.
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Figure 3. Relationship between passive stiffness at baseline (collapsed across treatment) and
echo intensity (El) of the whole hamstring muscle for the young and old men.
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Figure 4. The percent change values from baseline (collapsed across treatment and time) for
passive stiffness, passive torque, range of motion (ROM), and electromyographic (EMG)
amplitude in the young and old men. * indicates a significant difference between groups. Values
are mean = SEM.
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Figure 5. Passive stiffness values expressed relative to stretch 1 (%) for all time periods in the
young (A) and old (B) men for the constant angle (CA) and constant torque (CT) stretching
treatments. T indicates a significant treatment x time interaction where no differences were
observed between stretch 1 and stretches 2 and 4 but there were differences between stretch 1 and
stretches 8, 16, and Post10, Post20, and Post30 for the CA treatment; however, for the CT
treatment, stretch 1 was higher than all subsequent stretches/time points. I indicates a significant
main effect for group, such that the older men had greater reductions in passive stiffness than the
younger men when collapsed across treatment and time. Values are mean + SEM.
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Figure 6. Passive torque values expressed relative to stretch 1 (%) for all time periods in the
young (A) and old (B) men for the constant angle (CA) and constant torque (CT) stretching
treatments. Collapsed across group and treatment: * stretch 1 was greater than stretches 2, 4, 8,
16, and Post10, Post20, and Post30; ** stretch 2 was greater than stretches 4, 8, and 16; ***
stretch 4 was greater than stretches 8 and 16; **** stretch 8 was greater than stretch 16.
indicates a significant main effect for group, such that the older men had greater reductions in
passive torgue than the younger men when collapsed across treatment and time. Values are mean
+ SEM.
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Figure 7. Range of motion (ROM) values expressed relative to stretch 1 (%) for all time periods
in the young (A) and old (B) men for the constant angle (CA) and constant torque (CT) stretching
treatments. Collapsed across group and treatment: * stretch 1 was less than stretches 2, 4, 8, 16,
and Post10, Post20, and Post30; ** stretch 2 was less than stretches 4, 8, 16, and Post10, Post20,
and Post30; *** stretch 4 was less than stretches 8, 16, and Post10, Post20, and Post30; ****
stretch 8 was less than stretch 16. I indicates a significant main effect for group, such that the
older men had greater increases in ROM than the younger men when collapsed across treatment
and time. Values are mean + SEM.
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Figure 8. Electromyographic (EMG) amplitude values expressed relative to stretch 1 (%) for all
time periods in the young (A) and old (B) men for the constant angle (CA) and constant torque
(CT) stretching treatments. Values are mean + SEM.
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CHAPTER V

DISCUSSION

The primary findings of the present investigation showed that the older men had greater
passive stiffness at baseline compared to the young men (Figure 2). The old men also exhibited
lower CSA and higher EI values than the young men (Table 1), and based on pooled data from
the two groups, significant positive relationships were observed between passive stiffness and El
values for all the hamstring muscles (Figure 3). Although the CA and CT static stretching
elicited similar changes across stretches for passive torque and ROM (Figures 6 and 7),
differential time course effects between the two treatments were observed for passive stiffness
(Figure 5). Specifically, the CT treatment decreased passive stiffness following one 30-s bout of
stretching, whereas for the CA treatment, passive stiffness did not decrease from baseline until
stretch 8 (4 min of stretching). Moreover, during the first 4 min of stretching, greater reductions
in passive stiffness were observed for the CT treatment than the CA treatment. However, despite
these discrepancies, no differences in stiffness recovery patterns were observed between
treatments after the stretching was completed. The CA and CT treatments showed lower passive
stiffness and torque and higher ROM (relative to stretch 1) at Post10, Post20, and Post30 for both
age groups; however, the old men exhibited significantly greater changes for these variables
compared to the young men across all treatments and time points (collapsed together) (Figure 4).
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The present findings showed that at baseline the old men exhibited greater (30.1%)
passive stiffness compared to the young men (collapsed across treatments). These findings are in
agreement with previous studies that have reported greater passive stiffness for old compared to
young men for the elbow®, knee®, and plantar flexors®*®®. Alternatively, however, other

authors® 85

examining some of the same muscle groups have reported no influence of age on
passive stiffness. These discrepancies may be due to differences in the age and health status of
the participants that were tested, passive stretching procedures, and/or the stiffness values that

were examined. For example, the majority of studies reporting non-significant differences

69,85,86 32,83

between young and old adults have used absolute stiffness values , Whereas other studies
reporting significant differences between age groups have used relative stiffness values that were
statistically adjusted for and/or normalized to measurements of muscle size (i.e., CSA, girth,
body-mass index). Ryan et al.* suggested that passive stiffness of the MTU may be influenced
by the quantity of muscle tissue; therefore, it is possible that the lower muscle CSA values
typically observed in old compared to young men may influence absolute stiffness values,
potentially masking any true differences in the passive mechanical properties between age
groups. Thus, normalized stiffness values, which represent qualitative factors (i.e. collagen

content and the amount of cross-linking)®*®’

, may be useful for studying physiological
mechanisms that are not confounded by CSA-related differences. In the present study, the old
men had lower CSA values than the young men (Table 1); however, because passive stiffness was
normalized to muscle CSA, it is possible that the differences observed in passive stiffness in this
study were not due to changes in muscle size but rather changes in the quality of the
musculotendinous tissue. Previous authors have suggested that changes in muscle quality (as
assessed by EI) may influence the mechanical properties of the MTU®® and, consequently, a
decrease in muscle quality as indicated by higher EI values resulting from an increased

71,89

infiltration of both intramuscular adipose and connective tissues'~*, may provide for a higher

passive stiffness during the performances of stretching-related movements®. Our results would
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support these hypotheses given the age-related differences in El values (Table 1) and the
significant positive relationships (r = 0.373-0.453) observed between passive stiffness and El in
the young and old men. Moreover, these findings are in agreement with those previously

reported by Picelli et al.”

who demonstrated significant positive relationships (r = 0.316-0.338)
between passive resistance to stretch and El values of the gastrocnemius muscles. Thus taken
together, these findings suggest that muscle quality as assessed by EI may play an important role
in the passive stiffness characteristics of the lower-body musculature. In addition, given the
potential associations between increases in passive stiffness and El values and the occurrence of
falls and lower body injuries in young and old adults®, the present findings provide support that
passive stiffness and muscle quality characteristics may have important and promising
implications for the assessment and treatment of balance-related injury risk. However, it is
noteworthy that the present findings did not support differences in passive torque between age
groups. Similar findings were reported by Such et al.* who observed an increase in passive
stiffness but no differences in passive torque with age in the knee joint. The authors hypothesized
that because tendons often become more compliant in old age, an increase in tendon compliance
and a corresponding decrease in muscle compliance would result in a negligible change in passive
torque between age groups®. Thus, the possibility of opposing changes in muscle and tendon
compliances with age may explain why greater passive stiffness but no differences in passive
torque were observed for the old compared to the young men in the present study. Although
further research is needed to elucidate more specifically the functional importance of the
relationships between age and tendon compliance, our findings may support the hypothesis that
tendon compliance is greater in old compared to young adults which has recently been

demonstrated in previous studies®®.

Similar to passive stiffness, the influence of age on ROM has previously been reported

with conflicting results?361639597 1.

. For example, Fukuchi et al.™ reported no differences in
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hamstring ROM between young and old men and women, whereas Nonaka et al.*’

reported that
hamstring ROM decreased with age in young, middle-aged, and older adults. Our findings add to
these conflicting results by demonstrating that baseline ROM of the posterior hip and thigh
muscles was similar between young and old men. The discrepancies between these findings and

those reported by previous studies®****’

may be the result of differences in muscle groups,
ROM testing procedures, and/or the age and training status of the participants that were
examined. While not significant, Charkravarty and Webley® reported substantial decreases in
ROM may not occur in older adults until after the age of 75. Therefore, it is possible that because
the majority of the older participants in the present study were less than 75 years of age (i.e. 12 of
the 17 participants were < 75 years), there were no significant declines in flexibility, which may
explain why the observed ROM values were similar between age groups. Moreover, it is also
possible that the high physical activity levels of the older adults in the present study may have
attenuated any declines in flexibility that might have occurred due to aging. This speculation may
be supported by a previous study® examining changes in spinal ROM across a 5-year period in
the elderly, where it was shown that older adults who reported high physical activity levels
(several hours per week in conditioning exercises) also exhibited greater ROM and smaller age-

related declines in flexibility than those who were sedentary. Magnusson et al.*’

suggested that
the passive stiffness characteristics of the MTU may also play a significant role in flexibility,
such that lower passive stiffness may allow for a greater ROM to be achieved. However, because
of the lack of significant differences in ROM between the young and old men in the present
study, our findings did not support these hypotheses. Nevertheless, it should be noted that when
collapsed across treatment, the differences in ROM did approach statistical significance (P =
0.096) between age groups. Although these findings highlight a trend towards statistical
significance for ROM, we do acknowledge that more research investigations with larger sample

sizes are needed to further examine the effects of aging on flexibility-related measurements of the

lower-body musculature.
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This study showed that passive stiffness decreased as a result of CA and CT static
stretching treatments in both young and old men. The declines in passive stiffness are similar to

the findings of previous studies which also showed stretching-induced decreases in stiffness for

13,14,73,100-103 10-12,104

the plantar flexor and leg flexor muscle groups. Because passive stiffness is

thought to be influenced by the passive elastic components of muscle-tendon structure (i.e.,
tendon, contractile and noncontractile components, collagen fibers of the connective tissues)**®,
the stretching-induced decreases in passive stiffness we observed may be a consequence of
alterations in these physiological mechanisms. For example, Fowles et al.” revealed that a static
dorsiflexion stretching protocol in a single subject elicited substantial increases in muscle fascicle
length of the soleus and the lateral and medial gastrocnemius muscles, and because deformation
of the contractile components (i.e. actin and myosin) of the muscle influences the resistance to
passive stretch?, it is possible that increases in muscle fascicle length due to stretching may result
in decreases in passive stiffness of the MTU. Additionally, stretch-inducing alterations in
intramuscular connective tissue may also contribute to the decreases in passive stiffness and help

explain these findings. Morse et al.'®

reported that 5 min of static dorsiflexion stretching caused
a significant reduction in passive stiffness of the plantar flexors, which was not attributed to
increases in tendon compliance or muscle fascicle length. Alternatively, the authors suggested
that the observed decrease in passive stiffness was likely due to the deformation of intramuscular
connective tissues'®. Although the precise mechanisms contributing to the stretch-induced
decreases in passive stiffness cannot be determined from the present study, it is possible that the
observed partial return to baseline for passive stiffness after stretching may be related to the
connective tissues and viscoelastic recoil of the muscle™”. Magnusson et al.’® suggested that the
rapid return to baseline in passive stiffness is an important property of the MTU that contributes
to elastic recoil during locomotion. Future studies using more invasive measures are needed to

test these hypotheses; however, the fact that our findings highlighted the presence of a time-

related difference between stretch 1 but not stretch 2 and Post10, Post20, and Post30, suggest that
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passive stiffness in the present study recovered partially, but never completely returned back to
baseline, which may be attributed to a combination of viscoelastic recoil and prolonged recovery

from plastic deformation of the muscle™.

Differential response patterns were observed between the CA and CT treatments for
passive stiffness. Specifically, passive stiffness decreased following one 30-s bout of CT
stretching, whereas for the CA stretching, passive stiffness did not decrease until stretch 8 (4 min
of stretching). Moreover, during the first 4 min of stretching, greater reductions in passive
stiffness were observed for the CT treatment than the CA treatment. Previous studies have

reported similar findings regarding the superior efficacy of CT stretching over CA stretching at

10,11 13,14

decreasing passive stiffness of the leg flexor'®** and plantar flexor'*'* muscles. Ryan et al.*®

suggested that the muscle creep response that occurs during CT stretching may place more
tension and/or apply more work on the MTU. Furthermore, Gajdosik et al.? reported that
stretching at a CA affects the viscosity of the muscle-tendon structures but not the elasticity.
Thus, taking these findings together, it is possible that the greater work performed by the CT
stretching was enough to affect the viscosity and elasticity of the MTU, which may explain why
greater decreases in passive stiffness of the posterior hip and thigh muscles were observed for the
CT treatment than the CA treatment in the present study. It is interesting to note, however, that
although the CA treatment was less effective, it still elicited significant decreases in passive
stiffness following 4 min of static stretching. Previous studies®”®*° have reported that longer
durations of CA stretching may be necessary to cause a decrease in passive stiffness. For

| 67,68,106

example, Magnusson et a reported no changes in passive stiffness of the hamstrings

ISO

following CA stretching durations of 1.5 to 2.25 min; however, Nordez et al.™ and Matsuo et

al."® showed that longer CA stretching durations (2.5 and 3 min, respectively) reduced passive

stiffness in the hamstrings. Similar findings have been demonstrated in the plantar flexors®, such

73,102

that longer durations of CA stretching (5-30 min) reduced passive stiffness™ <, while shorter
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durations (1-2 min) had no effect on stiffness'®"'%. Therefore, the present findings, in

conjunction with those of previous studies™"%

, suggest that if there is a threshold necessary for
the CA treatment to elicit a decrease in passive stiffness, it may be approximately 2 to 4 min of
static stretching®. In contrast, however, the present findings showed that it only took one 30-s
bout of CT stretching to significantly reduce passive stiffness. These findings are consistent with
those of Herda et al."*, who also demonstrated significant declines in passive stiffness after a
single 30-s bout of CT stretching using a passive leg extension technique. However, unlike the

present study, Herda et al.**

showed no changes in passive stiffness after 4 and 8 min of CA
stretching. It is possible, however, because of the limited number of participants in their study (n
=11)", that the lack of statistically significant decreases in passive stiffness at these time points

may have been due to inadequate statistical power.

It is interesting that no differences in passive stiffness responses were observed between
CA and CT treatments after the stretching was completed; both treatments showed reduced
passive stiffness values at Post10, Post20, and Post30. This is a unique finding and perhaps
suggests that in situations where time is not a factor, both CA and CT static stretching protocols
can be used to effectively reduce and possibly maintain low passive stiffness values for up to 30
min post-stretching. Previous studies have reported conflicting results regarding the time-course

1,22,73,100,103 For

responses of passive stiffness following CA and CT static stretching protocols
example, Ryan et al.' reported that after different durations (i.e., 2 min, 4 min, 8 min) of CT
stretching, passive stiffness of the plantar flexors returned to baseline within 20 min post-

stretching, whereas Magnusson et al. %

demonstrated that passive stiffness of the hamstrings did
not recover until 1 hour after the stretching protocol (i.e. 7.5 min of CA stretching) was
completed. Some of the discrepancy between studies in stiffness responses may be attributed to
differences in study methodology in which differences in the precision of resolution for the

assessment of time-course responses following stretching prohibit accurate and precise
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determination of stiffness recovery. For example, Magnusson et al.?

assessed passive stiffness at
longer and less frequent time points (i.e. immediate and 1 hour post-stretching) following
stretching, compared to Ryan et al." who used more frequent recovery stiffness assessments (i.e.,
immediate and 10, 20, and 30 min post-stretching), which is consistent with the post-stretching
time points reported in the present study. In addition, differences in stretching durations and
intensities, the type of stretching treatment being performed (i.e. CA or CT), and/or the fiber
compositions of the muscle groups that were examined are other possible explanations of the
different recovery time-courses for passive stiffness that have been observed between studies.
Power et al.'® suggested that muscles that have a higher percentage of slow-twitch fibers may
experience less severe stress from a stretching protocol. Therefore, because the plantar flexors
have been documented on average to possess a greater percentage of slow-twitch fibers than the

hamstrings and other thigh muscles''*'**

, it is possible that for a given stretching
duration/intensity, less stress may be placed on the plantar flexors, which could result in smaller
and less prolonged changes in passive stiffness for these muscles during and after stretching,
respectively. Consequently, the dose-response relationship between the duration of stretching
and the passive stiffness response may be muscle-specific, such that the plantar flexors may
require longer durations (i.e. >8 min) of stretching than the hamstrings to elicit substantial
declines in passive stiffness that can be sustained for an extended period of time (j.e. ~30 min)®.
From a practical standpoint, because stretching is often used in preparation for exercise or an
athletic event, the present findings suggest that an 8 min bout of CA or CT static stretching for

the posterior hip and thigh muscles should be performed within 30 min prior to the start of

competition or exercise.

Although CT stretching placed more tension on the MTU compared with CA stretching,
both stretching treatments elicited a similar time-course response for passive torque and ROM. In

addition, the passive torque at the end range of motion was not significantly different between
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stretching treatments, suggesting that the initial torque at the beginning of CA stretching was
similar to the torque threshold set for the CT stretching. Although these findings were
inconsistent with those of Yeh et al.”*'* and Cabido et al."® who reported greater changes in
passive torque and ROM for the CT stretching than the CA stretching, they were in line with the
results of Herda et al.* who reported no differences in passive torque and ROM between
treatments (differences in the dosage of stretching, subject population, and the passive stretching
procedures may account for the inconsistencies between Yeh et al.*** and Cabido et al.** and the

present study for ROM and passive torque). Herda et al.*

reported that because greater declines
were observed during the CT stretching for passive stiffness but not for passive torque and ROM,
there may be a dissociation between these variables. The results of the present study indicated
that passive torque significantly decreased following one 30-s stretch, regardless of the stretching
treatment, and continued to decrease with subsequent stretches up to stretch 16 (8 min of
stretching). After stretching, passive torque (collapsed across group and treatment) increased
rapidly within the first 10 min post-stretching, but continued to remain below baseline at Post10,
Post20, and Post30. For ROM (collapsed across group and treatment), significant increases were
observed following one 30-s stretch with subsequent increases occurring up to stretch 16 (8 min
of stretching); after stretching, ROM did not decrease but remained elevated above baseline at all
post-stretching time points. Because mechanical factors, such as the passive resistance to stretch
and passive stiffness of the MTU influence ROM™, it is possible that the observed decreases in
passive torque may have contributed to the increases in ROM that were observed during both the
CA and CT static stretching. However, unlike passive torque, ROM did not show any sign of
returning to baseline after stretching; therefore, it is likely that ROM may have also been
influenced by other factors. Similarly, a recent study by Mizuno et al.*® also reported that the
retention time of the effects of stretching on passive torque (<15 min) was shorter than the
retention time of the effects of stretching on ROM (>30 min) in the plantar flexors. The authors

hypothesized that the increases in ROM immediately after stretching may have been attributable
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to changes in both the mechanical properties (i.e., passive torque, passive stiffness) of the MTU
and to stretch tolerance; however, the changes in ROM at later post-stretching time points (i.e. 15
and 30 min) may have been attributable to changes only in stretch tolerance'®. Therefore, it is
possible that changes in the ability to tolerate a greater amount of stretch may have contributed to
the sustained increases in ROM (at Post10, Post20, and Post30) that were observed in the present
study. Finally, Ryan et al.* reported that even slow passive tension during a passive stiffness
assessment can elicit the stretch reflex, thereby causing activation of the stretched muscles and
contamination of the angle-torque curve (with both active force production and passive tension).
Therefore, even though the stretching velocities during the CA and CT assessments in the present
study were very slow (i.e. 5°-s™), they still may have elicited the stretch reflex, and caused an
excessive EMG activity response. However, the inclusion criteria in this study was that the
surface EMG amplitude never exceeded 5% of the MV C value during any of the passive stiffness
values recorded at the final ROM (i.e. second to last common joint angle). Furthermore, there
were no statistical differences between groups, treatments, or across time points for EMG, which
suggested that the angle-torque curves in the present study were indeed passive and valid

assessments of stiffness during both the CA and CT treatments.

Both groups in the present study experienced significant stretch-induced decreases in
passive stiffness and passive torque and increases in ROM; however, interestingly, the old men
experienced greater changes in these variables than the young men when collapsed across
treatment and time. These findings are in agreement with the results reported by Ryan et al.?
who also indicated greater stretching-induced changes in passive torque and ROM of the plantar
flexors for old compared to young men. It was hypothesized that the greater stretching-induced
changes that were observed among the old men may have been due to age-related increases in

I 112

tendon compliance®. Wilson et al.**? showed that tendon compliance (as assessed by the elastic

modulus) of the hamstrings was greater in older adults than younger adults. Thus, the possibility
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of age-related increases in tendon compliance of the hamstrings and other thigh muscles may
explain why greater changes in the passive musculotendinous resistive properties were observed
for the old men in the present study. Moreover, it also possible, given the fact that a stiffer MTU
may experience greater stress during stretching than a more compliant MTU', that the higher
passive stiffness of the old men in the present study may have elicited greater stress to the tissue,
resulting in greater stretching-induced changes in the mechanical properties of the muscle.
However, given the scope of our study and the limited data available regarding these findings, it
was not feasible to ascertain the underlying mechanisms resulting in the greater stretching-
induced changes in passive properties for the old men than the young men. Thus, future research
using ultrasound imaging in conjunction with passive stretching may be necessary to pin-point
the exact mechanisms that may be responsible for influencing the stretching-related, passive-

property differences displayed among groups of individuals with varying ages.

The results of the present study provide support that CT stretching should be used in both
young and old men for research and clinical situations where rapid decreases in passive stiffness
is the objective or there is a shortage of time before an exercise-related event or competition. It
has been hypothesized that stretching-induced decreases in passive stiffness may reduce the risk

of strain-related injuries to the MTU?. Garrett et al."*®

reported that 10 cycles of stretching to
50% of the determined failure length in rabbit MTUs resulted in greater muscle length before
injury. The authors suggested that less force would be placed on the MTU throughout the
required ROM after stretching, which would reduce the risk of muscle strains™®. Although CT
stretching elicited greater and more rapid decreases in passive stiffness than CA stretching, both
treatments were equally effective at increasing ROM and decreasing passive torque and thus, it is
unclear if either form of stretching would be more beneficial in reducing the risk of injury.
Moreover, there is only a limited amount of evidence to directly support that acute static

6,12,114
U

stretching does reduce injuries in the MT . Furthermore, many previous studies have
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demonstrated transient declines in muscle strength, strength endurance, power, and balance after

12,73,115-125

an acute bout of static stretching . Interestingly, however, we are aware of only one

study*® that has examined strength deficits specifically comparing CA and CT stretching

treatments. Herda et al.*

reported that maximal strength capabilities decreased to the same extent
after 8 min of static stretching regardless of the treatment (CA or CT) that was performed. The
authors recommended that although both treatments negatively affected muscle strength, CT
stretching should be performed prior to performance to reduce passive stiffness with the
understanding that it would not cause any greater decrement in strength compared with CA
stretching™. While these recommendations could also be applied to the present study, it should
be noted that Herda et al.*” only examined young adult males, and thus, the effects of CA and CT
static stretching on maximal and rapid strength in older adults are still unclear. Thus, future
research studies should examine the effects of CA and CT static stretching on isometric peak

torque and rate of torque development in both young and old adults to determine whether age has

an effect on stretching-induced declines in these parameters.
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CHAPTER VI

CONCLUSION

A very limited amount of previous research has investigated the effects of aging and
stretching on the passive resistive properties of the MTU. The present study was designed to test
the hypothesis that 8 min of stretching at a constant-torque would exhibit larger effects on the
passive resistive properties compared to stretching at a constant-angle and that these effects
would be greater in older men. A secondary aim was to examine the influence of a recovery
period on these variables, and to make comparisons between age groups and treatments. Overall,
these hypotheses were supported in this study. The CT treatment elicited greater decreases in
passive stiffness than the CA treatment (collapsed across group) within the first 4 min of
stretching and these effects were greater in the old compared to the young men when collapsed
across treatment and time for all passive resistive measures (i.e., passive stiffness, passive torque,
and ROM). However, interestingly, although CT stretching caused a greater and more rapid
decrease in passive stiffness, both stretching treatments elicited a similar time-course response for
passive torque and ROM. Collectively, these findings suggest a dissociation between the passive
resistive properties and that the magnitude of stretching-induced changes in these variables may
be influenced by the age of the participants. In addition to adding to the paucity of data available
regarding the influence of aging and stretching on passive resistive measures, the present study
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also revealed novel differential effects on the recovery of these characteristics. Overall, despite a
partial recovery in magnitude of both passive stiffness and passive torque after stretching,
maximum ROM exhibited elevated and sustained increases in both groups and treatments
(collapsed together). These findings suggest that decreases in passive stiffness and passive torque
may contribute to the increases in ROM during and immediately after stretching; however, other
factors, such as changes in stretch tolerance, may play a more significant role in the sustained
increases in ROM at later post-stretching time points (10, 20, and 30 min after stretching). To the
author’s knowledge, this is the first study to investigate these changes specifically comparing CA
and CT stretching treatments for both young and old men, and to make comparisons between
these age groups. Age-specific differences in the effects of static stretching on the passive
resistive properties may be attributed to changes in tendon and/or muscle compliance. The
observed stretching-induced sustained reductions in passive stiffness of the posterior hip and
thigh muscles has substantial performance and injury risk implications. Given the potential
importance of these muscles in athletic related tasks, balance performance, and injury risks, these
sustained decreases in passive stiffness may be of large practical and functional significance to a
variety of populations and settings. Furthermore, because older adults have significantly greater
passive stiffness values than younger adults, any stretch-induced decrease in stiffness may be
particularly beneficial to the elderly, where a substantial decline in passive resistance in these

populations may reduce the risk of falls and strain-related injuries to the muscle.
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APPENDIX A

RESEARCH DESIGN

Familiarization

Health History and ICF
Demographic Data
Ultrasound Assessments
Passive Stretching Practice

1 2-7 days rest

Experimental Trial (Randomly Ordered Stretching Treatment)

Isometric MVCs

1 5 min rest

Stretching Protocol consisting
of 16, 30-s static stretches

Post 10 min
\ AN Rest
Stiffness Assessment
N =

Post 30 min &
1 2-7 days rest

Repeat Experimental Trial using other stretching treatment
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APPENDIX B

INSTRUMENTED STRAIGHT-LEG RAISE TESTING SETUP
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APPENDIX C

HEATLTH HISTORY QUESTIONNAIRE

RECRUITMENT NO.
PRE-EXERCISE

TESTING HEALTH &

EXERCISE STATUS
OKLAHOMA STATE UNIVERSITY
QUESTIONNAIRE DEPARTMENT OF HEALTH AND HUMAN PERFORMANCE
Name Date

Cell'Work Phone

E-mail address

Person to contact in case of emergency

Emergency Contact Phone

Grender Age (yrs)  Height () (i) Weight (Ibg)

A, JOINT-MUSCLE STATUS (v Check areas where you currently have problems)
Joint Areas Musele Areas

{ ) UpperSpine & Neck { ) UpperBack & Neck
{ ) LowerSpine { ) Abdominal Regions
( ) Hips { ) LowerBack
{ ) Knees { ) Buttocks
( ) Ankles ( ) Thighs
() Feet { ) LowerLeg
{ ) Other { ) Feet
( ) Other
B. HEALTH STATUS (¥ Check if you currently have any of the following conditions)
() High Blood Pressure () AcuteInfection
{ ) HeartDisease or Dysfunetion { ) Diabetes or Blood Sugar Level Abnormality
{ ) Peripheral Circulatory Disorder { ) Anemia
{ ) Lung Disease or Dysfunetion { ) Hernias
{ ) Arthritis or Gout { ) Thyreid Dysfunction
( ) Edema ( ) Panereas Dysfunetion
() Epilepsy () Liver Dysfunetion
{ ) Multiple Sclerosis { ) Kidney Dysfunction
{ ) High Blood Cholesterol or { ) Phenylketonuria (PKU)
Triglyceride Levels { ) Loss of Conseiousness
{ ) Allergic reactions to rubbing aleohol { ) Visual Dysfunction
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C. FALL HISTORY (v Check the area that best describes the number of falls that you have
experienced in the last 12 months)

( ) Ofalls

( ) 1fal

{ ) 2ormore falls

D. PHYSICAL EXAMINATION HISTORY
Approximate date of your last physical examination
Physical problems noted at that time
Has a physician ever made any recommendations relative to limiting your level of
physical exertion? YES NO
If YES, what limitations were recommended?

E. CURRENT MEDICATION USAGE (List the drug name and the condition being managed)
MEDICATION CONDITION

F. EXERCISE STATUS

Do youregularly engage in aerobic forms of exercise (i.e., jogging, cycling, walking, etc.)? YES NO
How long have you engaged in this form of exercise? years months
How many hours per week do vou spend for this type of exercise? hours

Do youregularly lift weights? YES NO
How long have you engaged in this form of exercise? years months
How many hours per week do you spend for this type of exercise? hours

Do youregularly play recreational sports (i.e., basketball, racquetball, volleyball, etc.)? YES NO

How long have you engaged in this form of exercise? years meonths

How many hours per week do you spend for this type of exercise? hours
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PRE-EXERCISE
TESTING HEALTH &

EXERCISE STATUS )
OKLAHOMA STATE UNIVERSITY
QUESHONNA]RE DEFARTMENT OF HEALTH AND HUMPERF:)WCE
Subject ID Date

EXCLUSION CRITERIA:

1. Participants have indicated they have current (within past 6 months) joint-muscle
problems with their hips, legs, or knees that would prevent them from satisfactorily
completing the testing.

2. If they have any specified condition or a physician has specified they are not able to
complete the strefching treatments in which case they would not be allowed to
complete the testing.
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APPENDIX D: IRB APPROVAL

Oklahoma State University Institutional Review Board

Date: Thursday, May 29, 2014 Protocol Expires: 5/20/2015
IRB Application No: ED12112
Proposal Title: Maximal and explosive strength and fuctional performance

characteristics in male and female adults across the age span

Reviewed and Expedited
P :
iGEaaec! 88 Modification
Status Recommended by Reviewer(s) Approved
Principal
Investigator(s):
Ty Palmer Ryan Thiele Douglas Smith
192 Colvin Center 180 Colvin Center 180 CRC
Stillwater, OK 74078 Stillwater, OK 74078 Stillwater, OK 74078

The requested modification to this IRB protocol has been approved. Please note that the original
expiration date of the protocol has not changed. The IRB office MUST be notified in writing when a
project is complete. All approved projects are subject to monitoring by the IRB.

5 The final versions of any printed recruitment, consent and assent documents bearing the IRB approval
stamp are attached to this letter. These are the versions that must be used during the study.

The reviewer(s) had these comments:

Modification to remove Matt Hawkey as a Pl — Matt has graduated and will now be considered
additional personnel working on the study. No increased risk.

Signature :
k Thursday, May 29, 2014
Shelia Kennison, Chair, Institutional Review Board Date
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APPENDIX E

INFORMED CONSENT FORM

RESEARCH PARTICIPANT CONSENT FORM

Project Title: Maximal and explosive strength and functional performance
characteristics in male and female adults across the age span.

Investigators: Ty Palmer, Ryan Thiele, Matt Hawkey (additional outside investigator),

and Dr. Doug Smith

Health and Human Performance

Oklahoma State University
Purpose:
The purpose of this study is to assess muscle stiffness of the posterior muscles of the hip and
thigh on 3 different groups: the OSU soccer team, a group of moderately active females, and a
group of moderately active males. A secondary purpose of this study is to assess and compare
velocity-related characteristics of the leg extensors and flexors among these groups. In addition,
we will be examining the acute effects of several 30-second sustained stretches on muscle
stiffness, range of motion, strength, and balance. This research may be important in determining the
cffectiveness of stretching at improving muscle strength and functional performance characteristics as
well as gaining a better understanding of the potential gender differences between males and
females on optimal stiffness and velocity values in relation to performance and injury.
Procedures:

¢ Alltesting will take place cither at Golden Oaks, in the Human Musculoskeletal and
Applied Physiology Lab found in room 192 of the Colvin Recreation Center, or in the
fitness center at Total Health — Stillwater.

* Males and females who are interested in participating will report for testing on 3 different
occasions cach within 2-7 days of the previous testing session, all of which will occur at
Golden Oaks, in the laboratory, or in the fitness center at Total Health — Stillwater. Fach
session will last about 60-75 minutes.

* Prior to testing, you will be asked to complete a health history questionnaire and general
information sheet. The health history questionnaire may be used to determine if a subject
meets the qualifications to participate in the study.

* Body composition will comprise of an assessment of skeletal muscle mass of your thigh.
A preliminary measurement of girth will be taken at the middle of your thigh using a tape
measure and a skinfold caliper. Height and weight will also be taken prior to the
stretching procedures.

e The stretching procedures for this study are as follows:

o Electromyography electrodes will be placed on your hamstrings and quadriceps
muscles. Prior to the placement of the electrodes, your skin will be cleansed and
swabbed with alcohol.

o Electrogoniometers (instruments that monitor joint angle) will be taped to your
skin on the lateral side of the knee and hip.

o You will be asked to lie on your back on a padded table (plinth) such as those
used in physical therapy and rehabilitation clinics. A harness device will be
placed around your ankle/foot with a load cell attached.

©  Your leg will be kept straight while the PI pushes on the load cell to stretch your
hamstrings at a very slow and controlled rate. The load cell used in this study is a

“pancake-looking™ instrument that will measure passive force produced by yourI e R T

s
e EDARUR
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leg during the stretch. The stretch will be taken to your hip’s maximum tolerated
range of motion (ROM) and held for a count of 30 seconds before returning to a
resting position. This entire movement will encompass a 30 — 45 second period.
Approximately 16 stretches will be performed during each laboratory and/or
community/fitness center visit and muscle stiffness, range of motion, strength,
and balance will be assessed before and at 0, 10, 20, and 30 min after to examine
the influence of stretching on these variables.

o An isokinetic dynamometer will also be used to assess muscle stiffness. The
procedures for this method will be similar to the manual stiffness assessment
previously described. Unlike the manual assessment; however., the dynamometer
will stretch your posterior leg muscles at a very slow rate that is controlled by a
computer.

* Inorderto assess velocity, you will perform several knee extension and knee flexion
movements as fast as possible against various resistances on an isokinetic dynamometer.
You will be secured to the dynamometer chair with straps placed over your waist and
thigh. For the knee extension assessments, you will be sitting in an upright position. For
the knee flexion assessments, you will be lying in a prone position. All assessments will
be conducted on the right leg. Velocity will be assessed by either the dynamometer or a
goniometer. The goniometer will be taped to the lateral side of your knee,

* Inaddition, you will also complete two or three vertical jump, ultrasound, and balance
tests during each session in order to determine the reliability of these assessments as well
as their relationships among measures of muscle stiffness and velocity.

o Balance will be assessed using a commercially designed balance test unit. For
cach assessment, you will stand on the platform of the balance unit with feet
shoulder width apart and hands positioned on the hips. You will maintain a

steady-upright posture by standing “as still as possible” throughout the duration of

each assessment. Assessments will last between 20 and 30 seconds cach, and will
consist of both static and dynamic conditions. For the static condition, the
balance unit platform will be locked in a horizontal, non-moving position. For the
dynamic condition, the balance unit platform will be unlocked to allow for
movement to occur about the platform in all directions (i.e. 360° range of
motion).
©  Muscle architecture of the anterior and posterior muscles of your right thigh (i.e.

hamstrings and quadriceps) will be assessed using a diagnostic ultrasound device,
For each assessment, you will lie in either a supine (i.e. for assessment of the
quadriceps) or prone (i.e. for assessment of the hamstrings) position on a
cushioned plinth. Water-soluble gel will be placed on the surface of your skin at
the site of each muscle prior to assessment in order to avoid compression or
depression of the muscle. During assessment, a probe connected to the ultrasound
device will be placed on your skin at the site of each muscle to view and capture
images in both transverse and longitudinal planes.

Risks of Participation:

Risks associated with the study are minimal and with no greater physical demands than the

current training regimen and/or fitness classes that you take part in during the semester. As a

conditioned participant, it is unlikely that you will experience muscle soreness resulting from the

trals. In case of injury or illness resulting from this study, emergency medical treatment will be
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available; researchers are CPR- 1* corresponder certified along with the access to 911 will be
available. No funds have been set aside by Oklahoma State University to compensate you in the
event of illness or injury.

Benefits:

You will be helping to advance the understanding of testing procedures used to commonly assess
muscle stiffness in the exercise physiology field. You may also gain an understanding of these
testing results and procedures for your own benefit.

Confidentiality:

You will be assigned an 1D number. We arc only interested in reporting data reflecting muscle
stiffness of the group as a whole (i.e., moderately active male group). No individual data will be
shared. Research records will be stored securely for 3 years in our advisor’s office and only
researchers and individuals responsible for research oversight will have access to the records. It
is possible that the consent process and data collection will be observed by research oversight
staff responsible for safeguarding the rights and wellbeing of people who participate in research.
Medical clearance forms will only contain the subjects ID number and consent forms will
contain names but no ID numbers. These forms will be kept in a locked file cabinet in our
advisor’s office which only the researchers will have access to. The signed consent forms will be
kept in our advisor’s office for 3 years after the research is complete per federal guidelines.
Compensation:

No additional incentive is being offered; however results of the study can be assessed by all
participants following analysis.

Contacts:

If you need any additional information concerning the study contact Doug Smith 197 CRC.
Oklahoma State University, Stillwater, OK 74078, 405-744-5500, doug.smith@okstate.edu,

Ty Palmer, 192 CRC, Oklahoma State University, Stillwater, OK 74078,

405-744-9373, tybp(@okstate.edu, or Ryan Thiele, 192 CRC, Oklahoma State University,
Stillwater, OK 74078, ryan.thiele@okstate.edu.

If you should have questions about your rights as a research volunteer, you may contact Dr.
Shelia Kennison, IRB Chair, 219 Cordell North, Oklahoma State University, Stillwater, OK
74078, 405-744-3377or irb@okstate.edu.

Participant Rights:

Participation in this research is voluntary and there is no penalty for refusal to participate. You
are free to withdraw from the study at any time and revoke your consent to participate at any
time without penalty

Signatures:

I have read and fully understand the consent form. I sign it freely and voluntarily. A copy of
this form has been given to me.

Signature of Participant Date

I certify that I have personally explained this document before requesting that the participant
sign it.

Signature of Researcher Date
| Uki
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APPENDIX F

RECRUITMENT SCRIPT

VERBAL SCRIPT FOR SUBJECT RECRUITMENT

Name of Study: Maximal and explosive strength and functional performance
characteristics in male and female adults across the age span.

Script:

Hi, my name is Ty Palmer (and/or Ryan Thiele, Matt Hawkey (additional outside
member), or Dr. Smith). We are currently recruiting subjects for a study at Golden Oaks
or in the Total Health fitness center and/or Human Musculoskeletal and Applied
Physiology Lab found in room 192 of the Colvin Recreation Center. The purpose of the
study is to determine muscle stiffness of the posterior muscles of the hip and thigh. We
are asking you to participate because we would like to compare muscle stiffness between
moderately active females and a group of moderately active males. We would also like
to measure and compare velocity-related measurements among these groups. In addition,
we will be examining the acute effects of several 30-second sustained stretches on muscle
stiffness, range of motion, strength, and balance. This research may be important in
determining the effectiveness of stretching at improving muscle strength and functional
performance characteristics as well as gaining a better understanding of the potential
gender differences between males and females on optimal stiffness and velocity values in
relation to performance and injury.

All testing will take place either at Golden Oaks, the fitness center at Total Health-
Stillwater, or the Human Musculoskeletal and Applied Physiology Lab found in room
192 of the Colvin Recreation Center.

Before testing may begin, you will be asked to complete an informed consent
form, health history questionnaire and general information sheet. In order to assess the
skeletal muscle mass of your thigh, a preliminary measurement of girth will be taken at
the middle of your thigh using a tape measure and a skinfold caliper. You will then be
familiarized with the stretching procedures. You will lie on your back on a padded table
(plinth) such as those used in physical therapy and rehabilitation. Next,
electromyography electrodes, which measure the electrical activity of the muscles, will
be placed on your hamstring muscles. These electrodes only record activity and will not
provide any type of stimulus to you. Furthermore, electrogoniometers will be taped to
your skin on the lateral side of the knee and hip to monitor knee and hip joint angle. A
harness device will be placed around your ankle/foot with a load cell attached.

Your leg will be kept straight while the PI pushes on the load cell to stretch your
hamstrings at a very slow and controlled rate. During this procedure, the load cell will
measure the passive force produced by your leg during the stretch. The stretch will be
taken to your hip’s maximum tolerated range of motion (ROM) and held for a count of 30
seconds before retuming to a resting position. This entire movement will encompass a 30
~ 45 second period. Approximately 16 stretches will be performed during each
laboratory and/or community/fitness center visit and muscle stiffness, range of motion,
strength, and balance will be assessed before and at 0, 10, 20, and 30 min after to
examine the influence of stretching on these variables.

In order to assess velocity, you will perform several knee extension and knee
flexion movements as fast as possible against various resistances on an isokinetic
dynamometer. You will be secured to the dynamometer chair with straps placed over
your shoulders, waist, and thigh. For the knee extension assessments, you will be sitting
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in an upright position. For the knee flexion assessments, you will be lying in a prone
position. All assessments will be conducted on the right leg. Velocity will be assessed
by either the dynamometer or a goniometer. The goniometer will be taped to the lateral
side of your knee.

In addition, you will also complete two or three vertical jump, ultrasound, and
balance tests during each session in order to determine the reliability of these assessments
as well as their relationships among measures of muscle stiffness and velocity,

Extra credit will not be offered or advocated by the investigators for any subject
who decides to participate in this study, nor will any other incentives for participation be
offered,

All risks and benefits of participation in this study and your rights as a research
subject will be described in the consent form provided at the first session before testing
begins. You will be required to sign this in order to show that you understand all that is
contained in this form. To reiterate, as a participant, you will be contributing to the
understanding of muscle stiffness values for (e posterior muscles of the hip and thigh. If
you decide you do not want to participate at any time, you may drop out with no undue
consequence. [f you are interested and would like to set up times for participation or
have any questions, you may contact Ty Palmer at (405) 744-9373, or at
tybpl@okstate.edu or Ryan Thiele at (405) 744-9373 or at ryan.thiele(@osktate.edu. You
may also choose to contact our faculty mentor/advisor, Dr. Doug Smith at (405) 744-
9373, or at doug.smith{@okstate.edu,
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