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Stretching is a fundamentally important part of sport and exercise, playing a role in improving
performance, and preventing injury and rehabilitation, but its sd@emtderpinnings have, to

this point, been overlooked in book publishifithe Science and Physiology of Flexibility and
Stretchirig the most up-to-date and comprehensive book to cover the underlying physiology
and psychology of stretching, critically assessing why, when, and how we should stretch, as
well as oering a highly illustrated, practical guide to stretching exercises.

Placing stretching in the context of both health and performancestreection of the book
sets out the science behind stretching, critically assessing the bésselvantages, and roles of
di erent types of stretching, exploring the mechanisms behind increasing range-of-movement
through stretching and other methods, anering evidence-based guidance on building
stretching into warm-ups. In its second section, the book provides a step-by-step guide to
static, dynamic, and PNF stretching exercises for beginners, through recreational athletes, to elite
performers.

Richly illustrated, and including an online resoutidee Science and Physiology of Flexibility
and Stretchimgovides an important scierti enquiry into stretching, and an invaluable
reference for any strength and conditioning coach or student, personal trainer, sports coach
or exercise scientist.

David G. Behm, PhD, is a University Research Professor at the School of Human Kinetics
and Recreation, Memorial University of Newfoundland, Canada. He was a highly competi-
tive athlete, was drafted into the Canadian Football League (1979) and won Canadian
provincial championships in tennis (Saskatchewan: 1987) and squash (Newfoundland: 2000,
2002). His athletic background led him to an academic career in the areas of applied
neuromuscular physiology and sport/exercise science. Dr Behm has won a number of
university, national, and international awards. He has published over 230 peer-reviewed
scienti ¢ articles with over 14,000 citations. He consistently presents his resefngs
internationally and his work is often featured in poputaess and health magazines, and
online publications. He has been ranked no. 1 expert/scientist in the world for stretching by
Expertscape, and no. 8 for resistance training, no. 14 for plyometrics, and no. 24 for muscle
fatigue.
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MY PERSONAL MOTIVATION FOR
STRETCHING

The year is 1972. A 15-year-old, 5 foot 10 inch (1.78 metres), 175 Ib (79.4 kg)
fullback takes his stance 3 yards behind the quarterback. This grade 11 fullback
playing junior high school football is bigger and stronger than most of ¢nsiee
linemen blocking for him as well as most of the young adolescent opponents who
will try to tackle him. With the ball snapped on the secbhdt’, the quarterback
rotates and hands the ball tw the fullback who is accelerating to an expected
opening between the tight end and tackle. As the tight end cross blocks upon the
defensive end and the ensive tackle pulls out against the linebacker, a sliver of
daylight appears. | lower my shoulder and plunge through that hole. Arms reach
out from the partially blocked defensive lineman and linebacker but they are not
strong enough to slow me down. A strong side defensive back at about 140 Ib
(63.5 kg) moves in for the tackle. However, with the momentum of my greater
mass and the velocity attained after an 8-yard sprint, the defensive back is trampled
and | cut sharply to the sidelines. After covering about 20 yards, the defensive safety
catches me from behind and trips me up.

The next year, | am the starting fullback for the senior high school team. |
have grown % inch (2 cm) and now weigh 185 Ib (84 kg). We win the regional
high school championship. Dave Behm (The Truck) and Dan (Crazy Legs)
Murphy make a great-2 punch. My predominant empire is between the two
ends. Dives and etackle plays are my bread and butter. If | get a decent block
and get into the defensive baeld, | can use my size advantage, my balance, and
my signature move: hit the opponent at full throttle to either knock him down or
spin immediately after contact so that the enemy cannot easily grab me and pull
me down. Murphys territory is outside the ends with sweeps and pitches because
he is lighter and much swifter than | and can often outsprint the defence.

In the last year of high school, there is no increase in height but | continue to

Il out, expanding to 198 Ib (90 kg). A number of Canadian universities attempt
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to recruit me and | decide to stay home to play with the University of Ottawa
Gee-Gees, who had lost that year in the national seali-game. However, as

the next year approaches, | realize that my chances of getting into a game with
that team are slim to none. The starting fullback is Neil Lumsden, a 235 Ib
(106 kg) behemoth with decent speed, great balance, strength, and power. He
will set Canadian university rushing and touchdown records that will remain
untouched for a couple of decades and he will subsequently establish a long career
in the professional Canadian Football League (CFL). The back-up is Mike
Murphy, another talented fullback at just under 230 Ib (104 kg) who in the
following year will lead the nation in rushing yards and also hanra aareer in

the CFL. | decide to play for the cigyjunior football team (Ottawa Sooners) and
wait for Lumsden to move on to the CFL. Lumsden and Murphy were archetype
fullbacks, massive, strong, and powerful. Relativelyiet that description in

high school but my growth pattern started to plateau, such that | was around
205 Ib (93 kg) when | joined the university football team in my second year of
university. | spent my second year of university primarily blocking for the burly
Mike Murphy and moved into the fullback position in my third academic year. |
was lucky enough to inherit a strong emsive line and with my slashing,
spinning style | could often break a few tackles and make a major gain
(Figure 1.1). With my lack of breakaway running speed, | was typically caught
from behind by a eet-footed defensive back. For a professional running back,

FIGURE 1.1 David Behm (32) caugtiagairi from behind
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my size was more typical of tailbacks or halfbacks, depending on your terminol-
ogy. These backs tymd by legends such as Walter Payton had very good to
great speed that would allow them to burst into the opeld and outsprint the
opposition. Unfortunately, | was built like a tailback but with the speed of a
fullback. | needed to get faster if | wanted to continue my career after university.

Sprinting speed is a simple combination of stride rate (frequency) and stride
length (1). Stride rate is very diult to modify because it is generally related to
your genetic prole of fast-twitch to slow-twitch muscleore composition. Pick
the right parents, who hopefully will pass on a higher percentage of fast-twitch

bres and you will be able to move your legs back and forth (stride rate) much
quicker than someone with a greater percentage of slow-twiicks. Hence,
you will have a high stride rate. This letmost important factor in sprinting
speed. Unfortunately, it seems that | did not pick the right parents! Thus, | was
left with trying to enhance the secondrisfing factor: stride length. With
stronger, more powerful legs, it should be possible to explodkeoground
and cover greater distances with eatfde. With this in mind, | worked
faithfully on my strength, such that | could squat over 500 Ib (225 kg) and
bench press around 350 Ib (160 kg). As a university student in physical education
in the late 1970s, | was taught that by increasing ewipility | would improve
performance (increase stride lengthrekese resistance to stride movements) and
decrease the chances of injury.

With these pearls of wisdom in mind, | also worked diligently on my
stretching so that | could eventually perform a front split. Conventional wisdom
of the time indicated that with higher levels axibility there would be less
resistance to movement and an increaseieacy of movement. Thus, with my
improved power and exibility my stride length should have been tremendous.
Like Superman, | should have been leaping over tall buildings in a single bound.
However, there must have been some kryptonite in my diet because, while my
sprinting speed did improve marginally, nobody ever mistook me for the
legendary Walter Payton (or Superman!).

Well if | did not get much faster, then mexibility should have decreased my
chances for injury. In my second year of university football, | took the ball on a
draw play (quarterback fakes a pass and then gives the ball to the running back)
and burst through a gap in the line. Quickly a linebacker exploded from the left
accelerating his helmet into my shoulder. | tried to absorb the hit and | bounced
o the hit and continued for another 12 yards till | was, as usual, caught from
behind by a defensive back. On getting up | noticed my clavicle was apparently
redirected towards my back and no longer attached to my scapula. When |
returned to the sidelines | was informed that | had subluxated my acromioclavi-
cular joint. | was out for the season.

With aggressive rehabilitation and-geason training | was ready for my
third year of university football. In a game against McGill University on
arti cial turf, | caught a are pass and sprinted wide. As | planted my right
foot to move up eld | was hit low on the left side by a linebacker and
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simultaneously hit high from the right by a defensive back. My planted foot
could not move or slide on the artial turf and the ligaments were torn
resulting in a third-degree ankle sprain. It did not seem that my extensive
stretching programme had provided me the protection | sought from muscu-
lotendinous or ligamentous injuries nor did it provide me with siamtly

better athletic performance (improved speed). Did my physical education
professors of the 1970s really know what they were talking about? The
paradigm of stretching ancexibility has experienced a number of shifts in

the past few decades and hopefully this book will help establish the facts as
they are presently known, and burst the myths.

It is the objective of this book to provide you with the most up-to-date
research on stretching anexibility by explaining the physiological mechanisms
underlying di erent types of stretching andxibility exercises, and then provide
you with suggestions for appropriate activity programmes to increase your range
of motion.

Reference
1. Dintiman G and Ward BSport Speéd/indsor, ON: Human Kinetics Publishers, 2003.



2

HISTORY OF STRETCHING

Stretching has been and continues to be a controversial training technique. When
did it begin? Is it actually bersal? Often, | have heard individuals state that, if
stretching was important for performance enhancement, you would see lions,
tigers, and cheetahs meeting in groups (wearing spandex and knee braces) for a
stretching routine before going on a hunt. Although our mammalian cousins are
not quite that organized, we do see animals stretching after sleeping or lounging
for an extended period of time. This ritualized behaviour is called pandiculation,
and involves a voluntary contraction of the muscles, followed by a slow stretch/
elongation and then relaxation (often with a yawn) (Figure 2.1). The description
is somewhat similar to contraelax PNF (without the yawn), which was
reported to be developed by Herman Kabat, but perhaps he stole the idea from
his pet dog or cat (if he had a pet?). One simply has to watch a pet dog or cat to
see them stretching their fore and hind limbs after napping. Animals stretch
(pandiculate) all the time! Is it a ex ritual that actually benes performance
(hunting prey or escaping from predators)? Lions and tigers are not very accessible
or easy subjects to recruit and | do not know of any stretch-training studies using
domesticated pets. Thus, there is no evidence for or againstettté&/eness of
pandiculation for performance enhancement. Obviously, animals (other than the
human animal) have not organized and categorized their stretching and warm-up
activities as humans have. Nor do animals stretch for such long durations or
intensely as many human athletes or trained individuals. Of course, they also do
not play tennis for-34 hours like professional tennis players, crash into each other
for more than an hour like American football, rugby, and ice hockey players,
or performmultipledouble or triple rotations of their bodies with twists for over

1-3 minutes like gymnasts, dancergure skaters, trampolinists, and others.
Other mammals can be far more athletic than humans, but they tend to perform
their athletic pursuits as a prey or a predator over a brief period, sporadically, and
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FIGURE 2.1 Pandiculation

without hours of training per day over months and years. We as humans tend to
be far more obsessive and compulsive in our activities, and likewise in our
training for those activities. There is a common assumption that animals never
get injured. There is no evidence for this assumption. Racehorses, for example,
commonly sustain muscle strains and have a high incidence of tendinopathy (1).
Dogs suer strains (muscles) and sprains (ligaments) (2). So maybe if they had
better warm-up and stretching routines, they would experience fewer injuries?
It is also argued that animals and ourselves often sprint without any warm-up (e.g.
we are late for a bus!) and many times either catch the prey, escape from the
predator, or actually catch the bus. Thus, the contrarians argue there is no need
for a warm-up. The problem with this argument is there is no control group!
Nobody has taken a pride of lions and systematically stretched them over time
and compared their performance with a control group of lions that did not stretch
or only pandiculated. Perhaps, the lion would be incrementally faster if it did do a
systematic warm-up. Although there is no evidence available for wild predators
and prey, there is a large body of human research available about positive changes
to neural conduction velocity, enzymatic cycling, tissue compliance, and a myriad
of other contributing physiological factors. We will cover many of these topics in
subsequent chapters.

When did humans start stretching in an organized manner with the hope of
enhancing performance or decreasing the chance for injury? Although, in
historical texts, stretching is not always precisely listed as an activity preceding
training or competition, it might be logical to assume that military personnel or
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athletes would have indulged in some kind lohbering ug exercises to warm

the muscles and body and increase the compliance or decreasediss sfi the

muscle and tendons. The martial arts of many Asian countries are well known for

their emphasis on extreme range of motion (ROM) in order to perform high

kicks, and acrobatic and escape manoeuvres (think of Brusettdetic ability).

The martial arts of the Chinese, Japanese, and Aleut peoples, as well as Mongolian

wrestling, are suggested to have originated in the prehistoric era (3). Chinese

boxing has been traced to the Zhou dynasty (3222 sce). Martial arts like

Kung Fu were inuenced by Indian martial arts which spread to China in the
fth to sixth centuryce (3). With the physical contortions, commonly observed

with wrestling and matrtial arts, it would seem likely that the combatants would

have needed to work on theiexibility to improve their chances of succeeding.

We are all familiar with the impressivexibility of experienced yoga practi-
tioners as they move from one diult posture to another. Asia and speally
the IndusSarasvati civilization in northern India are credited with the origins of
Yoga during what is termed th&pre-classical yoga periodpproximately
5000 years ago and perhaps even earlier. However, this early yoga practice
concentrated on the mind and spirit with little to no emphasis on the physical.
Breath control exercises, the precursor of yoga, were implemented in China
around 260@&cek. It is not known if stretching exercises were also included but an
exercise chart (16&ce) of breathing and postures was developed for Tao Yin
activities in the early Han dynasty. These exercises or postures were purported to
cure specic ilinesses (4). Perhaps, this is where the idea that stretching decreases
injuries rst began. Around the fourth century, during what is cledsas the
post-classical Yoga (classical Yoga periothedeby Patanjaéi Yoga-Sdtras
“eight limbed pathto Samadhi or enlightenment starting in the second century
cE), a system of practices was created to rejuvenate the body, prolong life, and
embrace the physical body to achieve enlightenment. Tantra Yoga was developed
to cleanse the body and mind. The evolution of these phystaiual connec-
tions and body-centred practices moved towards the development of Hatha Yoga
(Figure 2.2).

Stretching is spedally mentioned as an important component of an exercise
regimen to prevent illness by Hua Tuo (#R@8 ce). Hua Tuo suggested
mimicking animal movements such as walking like a bear, and stretching the neck
like a bird (even 2000 years ago people noticed that animals stretched or at least
pandiculated), among other animal-like movements. He emphasized combinations
of breathing, bending, stretching, and an assortment of postures that he labelled the
“Frolics of the Five Animdls(4). Tai Chi may trace its beginnings to these
frolicking exercises.

In the western civilizations, the Greeks held festivals (Tailteann Games: circa
1800sck) that involved stone throwing, jumping, spear throwing, wrestling, and
other activities (4). During pharaonic Egyptian times, athletes also wrestled,
boxed, swam, ran, and lifted heavy objects in competition. One can imagine
that these athletes had some kind of pre-competition preparation (warm-up) and
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that, especially for sports like wrestling where limbs can be forced and placed in
extreme positions, preparatory stretching would have taken place. Were these
early stretching exercises more static or dynamic in nature?

First of all, how do we dee static and dynamic stretching? Static stretching
involves lengthening a muscle until either a stretch sensation or the point of
discomfort is reached and then holding the muscle in a lengthened position for a
prescribed period of time+8). Dynamic stretching involves the performance of
a controlled movement through the ROM of the active joint(s) (6,7). Both types
of stretching have gone through periods of popularity and disfavour. For example,
Hua Tuo's stretching the neck like a bird exercise would likely have involved a
slow dynamic component to reach the end of the ROM and then a static
component to hold that position. Dynamic stretching was popular in Persia
where warriors and wrestlers, starting around tisé centuryap, used imple-
ments shaped like bowling pins called meels (Figure 2.3). Although the heavy
meels weighed approximately 50 Ib and would have been used for strength and
power enhancement, the 2-Ib meels were swung in patterns around the shoulder
and would have been excellent for a dynamic warm-up of the muscles and
increasing the ROM. The Persians introduced this form of exercise to the Indian
subcontinent in the thirteenth century. The people of the India subcontinent
called this activity Persian yoga (4). It is quite likely that similar movement
variations with a variety of weapons (i.e. short and long swords) would have
been practiced by medieval knights in preparation for combat and competitions.

Generally, such light dynamic movement fexibility, quickness, and muscular
endurance was in the purview of men getting ready for battles or tournaments.

Meel Indian Clubs

FIGURE 2.3 Persian meels and Indian clubs



10 History of stretching

However, in the mid-nineteenth century, exercises based on Swedists)(Ling
gymnastics were introduced to women in Europe and North America. They
involved the graceful moving of arms, legs, neck, and head. Although their primary
purpose (training for family life) would not have been to increasibility, such
movements would have maintained or enhanced movement around the exercised
joints. Thesé exercise-liberatédvomen could now be more @ctive at reaching
farther across to make the bed in the mornings, extending further to scrdwmthe
under the furniture, or reach deeper in the cupboard for the pots and pans for
making dinner (training for family life!). Quite the liberation! Men, on the other
hand, would still incorporate low-intensity or light dynamic movements for sport
preparation or war.

The late nineteenth century saw the emergence of a number of new team
sports such as ice hockey (3 March 1875: Montreal, Quebec, Canada), baseball
(1672-1700: England), basketball (1891 by James Naismith [Canadian] ae®pring
College, Massachusetts, USA), North American football (6 November 1869,
Rutgers vs Princeton University, USA), volleyball (1895 by William G. Morgan
from Spring eld College, Massachusetts, USA), and others. The typical competitive
zeal of the human athlete would instil a needrtd a perceived advantage even in
the early days of these new sports. One of those advantages could be a proper warm-
up to prepare the body for competition and part of that warm-up would include light
dynamic movements fétimbering ug.

But more importantly was the defence of your country and, during the
World Wars, soldiers were systematically trained to ensure that they were ready
for heavy military action. The systematic training of soldiers was incorporated
during the World Wars with scientt investigations of optimal resistance
training routines sought out by Colonel DeLorme of the US armed forces
(8,9). Subsequently, in the late 1950s and published in 1961, a Canadian, Dr
William Orban, developed the 5BX (5 Basic eXercises) programme. Although it
was originally targeted at male military personnel (air force pilots) who might
not have access to training equipment, and thus could perform calisthenics in
almost any location to stay, it spread to the general population. Orban also
developed the XBX which were 10 basic exercises neddfor women. One
of the stated objectives was t&eep the important muscles and joints of the
body supple and exible? Some of the exercises were quite dynamic and
ballistic such as the toe-touching exercises, which involved bobbing up and
down by exing at the hips to touch the toes, and then bouncing back to an
erect standing position.

However, the appeal of dynamic ballistic stretching activities diminished when
it was noted that dynamic stretching of the muscles activategese such as
the myotactic (i.e. stretch) rex, which results in rexive contractions of the
actively stretched muscle (10,11). If the goal of stretching was to increase the
ROM, then it was reasoned that dynamic activities that eliciteexrenuscle
contractions while elongating the muscles could result in injury. Two forces
would be working against each other with muscle elongation from stretching
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opposing stretch rex-induced contractions. Hence, during the mid-1960s and
thereafter, static stretching replaced ballistic or dynamic stretching as the
predominant activity within a pre-activity warm-up routine to increase the
ROM (12,13). Static stretching was recommended because the slow movement
into the stretch position and maintenance of a static stretch over a prolonged
period minimized the reexive ring of the muscle spindles that were activated
by higher rates of stretch (14,15). Hence, the attenuation ek ractivity with
prolonged static stretching would presumably result in a more relaxed muscle
and theoretically allow greater muscle lengths to be achieved. Thus, for the next
30+ years, static stretching was the predominant form of stretching for warm-ups
and exibility.

In the 1970s, another stretching technique also became more popular: pro-
prioceptive neuromuscular facilitation (PNF) stretching. PNF was developed
around 1946 by Herman Kabat, a neurophysiologist. The techniques evolved
over time, but one popular variation of PNF was the contract +atponist
contract (CRAC) method. If you wanted to stretch the hamstrings you would
contract the hip exors (i.e. quadriceps) till you reached your maximum ROM.
Then you wouldrelax as your partner held that elongated position, which would
be followed bycontraction of the hamstringsafonists). These variations of
PNF were purported to induce a number of inhibitory e® mechanisms (e.qg.
reciprocal inhibition, autogenic inhibition) that would relax the muscle, allowing
the individual to reach even greater increases in ROM than with static stretching.
You could not go to any team sport in the 1970s without seeing athletes pairing
up to passively stretch and provide resistance to their pmntoatractions of
elongated muscles. However, not many people questioned, at the time, why a
technique like PNF which supposedly inhibited excitatorgxes would be used
in a warm-up that should excite the system in preparation for high-intensity
activity.

In the late 1990s and early 2000s, scientieports began to appear
indicating that static stretching rather than enhancing subsequent performance
might actually impair performance. As the evidence began to mount through-
out the early twenty-rst century, static stretching was replaced with dynamic
stretching as the majoexibility component of the warm-up. Only recently
has the evidence for static streitluced performance impairments
been suggested to lack some ecological validity (practical reality or real-life
application). A position stand/review by the Canadian Society for Exercise
Physiology (6), published in 201@ocumented that many of the static
stretching studies did not employ a prior aerobic-style warm-up, stretched
the muscle(s) for durations much longer than are typically used, did not
include any dynamic sport speciactivities after stretching, and conducted
the testing within 34 minutes of the experimental protocol. Another study
found that just knowledge of the previously published stretching-impairment
studies (expectancyal) could negatively ect the results (16). Thus, the
state of stretching within a warm-up and for improving ROM is in a state of
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ux and confusion. The objective of this book is to alleviate some of that
confusion by critically analysing the 5Ws of stretching withHinthrown in
for good measure, i.e.

1. What are the eects and physiological mechanisms underlyirageatit types
of stretching?

2. Why should we stretch?

3. When should we stretch?

4. Who are the major pioneers, innovators, and researchers in this area?
5. Where does the science oéxibility and stretching go next?

6. How should we stretch or use other techniques to increase ROM?
Summary

Many animals elongate (stretch) their muscles after a period of rest. Although,
these animals have pandiculated for eons, it is not known whether there are any
performance benés. There is inferential evidence that humans have stretched for
thousands of years with the advent of yoga (~&380and martial arts (~1000

BCE) in Asia. The Greeks and Egyptians probably emphasized dynamic actions and
stretches before their athletic competitions (~2Q@)) Static stretching became
more popular after the World Wars, whereas PNF stretching was popularized to a
greater degree in the 1970s. Both stretching styles remained predominant until the
1990s, when research began to appear indicating that static stretching could lead
to performance impairments. Since that time dynamic stretching has made a
resurgence. The most recent studies suggest that the move away from static
stretching may have been premature and based on impractical study designs.
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TYPES OF STRETCHING AND THE
EFFECTS ON FLEXIBILITY

There are a number of dérent types of stretching and the public can be confused
about their dierences. Passive and active static stretching, dynamic, ballistic,
proprioceptive neuromuscular facilitation (PNF), and other stretches are used to
enhance exibility or range of motion (ROM) as well as being incorporated as part
of a pre-competition or training warm-up. First of all, what is thend®n of

exibility? Michael J. Alter, in his textbook (1), lists a variety afitiens, some of
which include:

=

ROM available to a joint or group of joints—@);

2. Total achievable excursion (within limits of pain) of a body part through its
potential ROM (7);

3. Ability to move a joint smoothly and easily through its complete pain-free
ROM (8,9);

4. Ability to move a joint through a normal ROM without undue stress to the
musculotendinous unit (10); and

5. Normal joint and soft-tissue ROM in response to active or passive

stretch (11).

The ability to increase a joist ROM would normally necessitate an improved
extensibility (12) or decreased is¢iss of musculotendinous and other connective
tissues. Gajdosik and colleagues (13,14) suggesxibdity should be described
as a ratio of change in muscle length or joint angle to a change in force or
torque. Recent research uses this description or technique by subjecting a limb
joint to an extended ROM on an isokinetic dynamometer as a test for muscle
sti ness (1519).

To achieve these increases éxibility, a variety of stretching techniques is
used. Static stretching, for example, involves lengthening a muscle until either a
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stretch sensation or the point of discomfort is reached, and then holding the
muscle in a lengthened position for a prescribed period of tim3R0Nhether

it is passive or active, static stretching depends on whether the muscle is
lengthened by an external force (i.e. another person, or a tool such as a
stretching band or machine) with the muscle relaxed (passive static stretch) or
by an active contraction of the ected muscle or other muscles (i.e. antagonist;
active static stretch) (Figure 3.1). Static stretching is used in athie¢iss,
health, and rehabilitation environments. It is aaative method for increasing
joint ROM (24-26) and was purported to impm® performance (27,28) and
reduce the incidence of adgty-related injuries (222,29-32). However, the
possibility of static stretch-induced fpemance impairments has limited its use

in the new millennium. Evidence for and against this bias is presented in a
subsequent chapter.

Dynamic stretching uses a controlled movement through the ROM of the

active joint(s) (33). It can be exemglil by swinging the legs back and forth (hip

exion and extension) or side to side (hip abduction and adduction) or swinging
the arms in circles (shoulder circumduction) (Figure 3.2). Dynamic stretching
di ers from ballistic stretching in that the latter would typically involve higher-
velocity movements with bouncing actions at the end of the ROM (34,35).
Ballistic movements were used in the aforementioned 5BX programme (popular
from the 1950s to the 1960s) and were still prevalent until quite recently in many

| =
S

FIGURE 3.1 Unassisted and assisted passive static stretching with a partner or a band



FIGURE 3.1 (Cont.)
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FIGURE 3.2 Dynamic stretching (hip extension arekion)

military- and police-style training courses. In the late 1980s, | consulted with
tness instructors of The Royal Canadian Mounted Police (RCMP) at their
national training depot in Regina, Saskatchewan, Canada. Recruits were trained
and tested by performing resistance exercises such as shoulder presses, push-ups,
sit-ups, and others as quickly as possible in a prescribed time. The number of
repetitions completed in 30 or 60 seconds was measured and thus the recruits
would ballistically throw the barbells up and down (i.e. shoulder press) or slam
their trunk back and forth (i.e. sit-ups) as quickly as possiblaitBlg a recipe
for injuries!

What is the dierence between dynamic stretching and dynamic activity? It
could be argued that dynamic stretching is a dynamic activity but not all dynamic
activities are considered to be dynamic stretching. The decisive factor is whether
the dynamic activity moves the body through a full or almost full ROM. Jogging,
skipping, hopping, and other similar activities are all dynamic but, as they only
emphasize a restricted or small-to-moderate ROM, they would not be considered
dynamic stretching. However, if the person did butt (gluteal) kicks (keden,
touching the buttocks with heel of the foot) while jogging, then this dynamic
activity would be under the purview of dynamic stretching because it goes
through a fuller ROM. As mentioned in Chapter 2, dynamic stretching in this
millennium was considered preferable to static stretching in a warm-up due to
training specicity (training movement matches the sport or exercise movements)
(36,37), as well as activity-induced increases in metabolism, muscle temperature
(27,3840), and neural activation (43).
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PNF stretching combines static stretching and isometric contractions in a
cyclical pattern. PNF was developed in the late 1940s and early 1950s by
Herman Kabat, and two physical therapists, Margaret Knott and Dorothy Voss.
Kabat, was a neurophysiologist, who developed PNF based on the neuromuscular
research of Sir Charles Sherrington (44,45). Two of the more ubiquitous
techniques are the contract relax (CR) and contract relax agonist contract
(CRAC) techniques (46,47). The CR method includes a static stretching
component followed immediately by an isometric contraction of the stretched
muscle, then followed with another stretch of the target muscle. CRAC involves
an additional contraction of the agonist muscle (i.e. opposing the muscle group
being stretched) during the stretch, before the additional stretching of the target
muscle (Figure 3.3). PNF was used extensively by team athletes (PNF stretches
typically need a partner) in the late twentieth century, but, similar to static
stretching, its use has diminished in the twemst- century. A number of
individual studies suggest that PNF is morective than static or dynamic
stretching for improving ROM (4&0). However, a recent meta-analytic
systematic review reported an advantage for static stretch training over PNF
training for increasing ROM (51).

Why should we stretch? Stretching is primarily used to increase joint ROM.
When used as part of a warm-up, the increased ROM was thought to improve

FIGURE 3.3 Proprioceptive neuromuscular facilitation (PNF) stretching for the
hamstrings
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performance and decrease the incidence of injuries (21,22,40). Although the
ability to increase ROM through stretching is generally universally agreed, its
impact on performance and injuries is more controversial. There are many factors
to consider including the type, duration (volume), intensity of stretching, and the
population that is stretching (i.e. male, female, young, old, athletic, sedentary, or
others) among other factors. Others may use stretching to achieve a greater sense
of relaxation (i.e. yoga psychological or neurological exts).

Stretching-induced changes in range of motion

First of all, exibility is not a global phenomenon of the body (52), i.e. an
individual can be exible in one joint but not others (52). Even within a joint

they may have a greater ROM with one movement versus another. A baseball
pitcher may not exhibit similar relativeexibility to a discus thrower when
comparing shoulder horizontal extension versus shoulder internal and external
rotation. Some joints are more susceptible to stretch-induced increases in ROM.
For example, stretching the calf muscles provides only small increases in ankle
dorsi exion, which may not be clinically meaningful (53). What factors restrict
our joint exibility? Muscle fascicles (structural proteins such as myosin, actin,
titin, and others), tendons, aponeuroses, joint capsules, and ligaments contribute
to ROM restrictions with passive muscle elongation. As the composition of a
human can range from 50% to 78%id (water), dependent on age, sex,
hydration, and other factors, the viscosity of the tissues can substarg@lly a
exibility. Furthermore, a highly activated central nervous system could increase
muscle tonus and with a less relaxed muscle inhéitbility. In addition,
pushing a joint to its maximum ROM can be uncomfortable or painful, and
thus the ability to tolerate this discomfort or pain may allow some individuals to
stretch further than other more pain-sensitive individuals (54).

Stretching can induce elastic or plastic changes of the musculotendinous
system. Elastic changes arendd as the elongation of tissues which recover
when the tension has been removed; so, it is a temporary increase in ROM.
Plastic changes involve a musculotendinous elongation in which the tissue
deformation remains even after the tension has been removed; so, it is considered
a semi-permanent change iexibility. Elastic changes are the increases in ROM
that are experienced immediately after a single session of stretching. A single
session of static stretching can induce small-to-large relative ROM increases that
persist for 5 (55), 10 (20,56,57), 30 (58), 90 (59), and 120 minutes (26). Evidence
of persistent improved ROM even one day later has been reported (60), but not
all studies show prolonged ROM increases; two 15-second passive stretches did
not provide a signicant improvement in ROM at any time post-stretch (61),
whereas augmented ROM was only evident for 3 minutes after four 30-second
static stretches (62) and only for 6 minutes after modi ed, hold-and-relax
stretches (63). Speci training-induced plastic changes and mechanisms are
discussed later.
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As mentioned previously, there is much dehabout what type of stretching
provides the greatest ROM. PNF has been reported to provide greater acute or
elastic ROM improvements than static stretching in some studiggsj6#vhich
contrasts with other studies that found similar ROM changes between PNF
and static stretching (67,68). A 6-week training study reported no caghi
di erence between static and PNF for increasing ROM, nor did either pro-
gramme have any ect on drop-jump performance (69). A recent meta-analytic
systematic review determined only trivial etences in ROM improvements
between acute and chronic PNF and static stretching (70), whereas another
review found that chronic static stretch training provided greatability than
PNF training (51). Dynamic stretching is also controversial, with some studies
reporting that a single session of dynamic stretching provides either similar (71,72)
or greater (73,74) ROM increases to static stretching. But, once agaiittiogn
studies report that dynamic stretching is not astive as static stretching when
used as part of a warm-up (34;78). Ballistic stretching (higher-velocity move-
ments with bouncing actions at the end of the ROM), which can be considered a
variation of dynamic stretching, was not agcéve as static stretching for
improving ROM after a 4-week training programme (79). When comparing
static with ballistic stretching in a single (acute) stretching session, ballistic
stretching has been reported to provide less ROM than static (34), or PNF (75),
but a similar ROM to static stretching (SS) and PNF in another study (80). Only
one study compared PNF and dynamic stretching and indicated that after
14 training sessions PNF provided% greater ROM increases (81).

Another form of stretching is termé&deuromobilizatioh. With neuromobiliza-
tion, the nerve is placed under a lengthening stress, e.g. when performing a seated
straight-leg raise, the individual would actively dessthe foot and ex the cervical
spine to exert a type of neural traction (Figure 3.4). In an 8-week stretch training
study, neuromobilization provided a greater increase in hamstring length versus PNF
inthe rst4 weeks but, in the last 4 weeks, hamstring length actually decreased. Thus,
overall, passive static stretching provided the greatestd@.

Our psychological state or emotions cagch exibility. Two sessions, of 20 min
each, of anti-anxiety techniques such as the neuro-emational technique (also known
as a minebody technique) was shown in one study to enhance ROM to a greater
extent than a similar duration of passive static stretching or no stretching (83). It is
purported that latent anxiety, even if not apparent, can lead to learned emotional
responses that ect the motor responses. Anti-anxiety techniques would dissipate
these responses and lead to greater muscle relaxation and lower muscle tonus. Various
forms of yoga combine the physical aspects of stretching with meditation or
relaxation techniques to enhance theats on exibility.

Yoga

Serious yoga practitioners are widely known for their enhaneeility (84).
However, yoga is also reported to improve a wide array of physiological and
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FIGURE 3.4 Neuromobilization

psychological parameters. For instance, it has been reported to increase muscular
strength (85,86) and endurance (86), balance (84), maximal oxygen uptake (86),
improved reaction times (85), and breath-holding times (85), reduce cardiovascular
risk, blood pressure, and body mass index (87), and unify the body, mind, and
spirit, among others. How can yoga stretching accomplish all thesecibene
measures? Yoga misperception is the problem. Yoga is not just stretching but
involves many other components. In addition to the stretching aspect, full yoga
practitioners should experience changes in their mental attitude (i.e. meditation),
diet, and practice of specitechniques for postures (asanas) and breathing practices
(pranayamas) in order to attain a higher level of consciousness. It is unlikely that the
average North American or European who goes to a trendy hot yoga session or
most yoga sessions is serious or committed to a degree that they will attain a new
level of consciousness. However-@Dmin of stretching, changing positions, and
holding various postures (dynamic and static muscle endurance), and inspiratory
and expiratory breathing techniques will certainly enhance a variety of physiological
and health parameters. From personal experience, having participated only in a
single 60-minute yoga session, | experienced exercise-induced muscle soreness and
delayed-onset muscle soreness for days thereafter. Although | am considered a
relatively very t individual for my age, | was not accustomed to the prolonged and
slow eccentric contractions when moving from one posture to the next, or the
ability to hold certain postures under extended muscle positions for prolonged
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periods. A lack of task spedity was certainly evident in my muscle pain over the

next few days. Hence, you should not directly compare yoga with stretching
practices such as static dynamic, ballistic, and PNF, because stretching is only one
component of yoga. Furthermore, there are many types of yoga that may place
greater emphasis on holding positions for longer to achieve changes in connective
tissue (e.g. yin yoga) or place greater emphasis on breathing patterns or meditation.

Unfortunately, science is messy and the results are not always consistent. The
same interventions and measures can be used on sedentary women and men,
young people, young adults, and seniors, trained and untrained, and you can get
di erent results in every study. How do yogure out what is right? How do
you know what to do? Meta-analyses are usually considered the gold standard for
integrating all the disparate information in the literature into a cogent, under-
standable, main message. But the problem with meta-analyses is that, sometimes,
they might hide some intricacies. Maybe for the general population of sedentary
and recreationally trained people, static and PNF stretching provide the greatest
ROM increases. But as gymnastgure skaters, and circus acrobats are the
extremes of the population, possibly just for them ballistic stretching is more
important because it emulates actions used in their sport. | have used those
extreme athletes as ational example. There is very little research on such a
small population of extremeexibility athletes. If a meta-analysis looked at 30,

50, or 100 papers and only 2 or 3 dealt with such highly trained athletes, then
their responses to specistretching could be hidden within the greater numbers

of the other studies. A good meta-analysis should highlight these outliers but not
all reviews accomplish it.

Thus, based on the information provided in the previous paragraph, it would
seem that, in general or on average, PNF and static stretching might provide the
greatest increases in ROM. However, later we examine how prolonged static and
PNF stretching without a full warm-up protocol might impair subsequent perfor-
mance. Thus, you need to ask yourself whether you need the utmost ROM. If you
are jogging, the amplitude of your stride length is limited and there is no need to
have an extreme ROM. Hence, some dynamic stretching before the running might
be su cient. If you are resistance training, and for your squat warm-up you take a
light weight or just your body mass and go through a full ROM for 10 repetitions,
then that might be sucient because you will not exceed that range while lifting. A
study by Morton et al. (88) compared 5 weeks of resistance training to static stretch
training and found improved ROM in both groups, with no sigrant di erences
between the groups in theexibility of the hamstrings, higexors and extensors, or
shoulder extensors. Thus, the ROM with resistance training wasiesi to
provide a similarexibility training adaptation as a stretching programme. Another
study incorporated dancers who either resistance trained, or stretched at a low
intensity (3/10) or a moderate-to-high intensity (8/10) for 6 weeks (89). All groups
improved their passive ROM with no dérence between groups, whereas the
resistance trained and low-intensity stretch-training groups improved their active
ROM. The authors suggested that dance instructors and coaches should incorporate
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stretching and end-of-range resistance training within their schedules, incorporating
stretching at the end of the recovery session. They also recommended that the
position of the stretches is very important in order to eliminate muscle contractions,
so the body should be in a stable position without extraneous tension. Each stretch,
according to this study, should be held for 60 seconds at an intensity of 3/10.

The warm-up is not a time to try to make plastic (semi-permanent) changes in
your exibility. The warm-up prepares you for the upcoming activity. There is
no need to be able to do the Russian splits (legs completely abducted until they
are horizontal on theoor) before a 5-km jog or step-ups in the weight room.
However, if you have back problems because you spend 8 hours per day sitting at
a computer, and now your pelvis has an anterior tilt due to shortene@xops
a ecting your lumbar spinal curvature, then the use of static or PNF stretching as
a separateexibility workout might be in order.

Range of motion norms

The average passive joint ROMs have been provided in a few studies.
Tables 3.43.5 provide a comparison of a sample of these studies in healthy or
normal individuals.

Measuring ROM

There are a myriad of instruments that can be used to measure ROM. Most
individuals do not have access to advanced sci¢aioratories, so the universal,
full-circle goniometer is one of the most preferred pieces of equipment for
measuring ROM (13) (Figure 3.5). The use of goniometers has been evaluated
as having high reliability (intraclass correlation c@nts [ICC]) of >0.91(13).
Although instruments can have strong time-to-time (intrarater) reliability they
may not have good between-instrument reliability, e.g. a univensl, and
electronic goniometer were tested for reliability (90). Although the intertester
reliability in Goodwins study was excellemt= 0.90-0.93), the reliability scores
between instruments were not as consistent.

Fluid goniometer vs universal goniometer = 0.90
Fluid goniometer vs electrogoniometer = 0.33
Universal goniometer vs electrogoniometer = 0.51

Another study compared a standard plastic goniometer witlimeter (gravita-
tion-based ROM-measuring device) or inclinometer (Figure 3.6). Exémeter/
inclinometer demonstrated moderate-to-excellent intra- and interrater reliability,
but the goniometer showed poor-to-moderate intra- and interrater reliability (91).
These ndings indicate that, if just one device is used to measereniies before

and after stretching or training, the extent of change should be reliable but you
cannot always interchangeably use these devices to mamitbilitydi erences.
Similar conclusions were made when comparing goniometers and a digital level



TABLE 3.1 Upper limb and back passive ROM (Family Medical Practice)

Joint Motion Family Medical Heyward (2005) (°)
Practice (°)
Shoulder Flexion 180 15080
Extension 4560 56-60
Abduction 150 180
External rotation 90 90
Internal rotation 7090 7090
Elbow Flexion 1406150
Extension 0
Radioulnar Pronation 80
Supination 80
Wrist Flexion 60680
Extension 60670
Radial deviation 20
Ulnar deviation 30
Cervical spine Flexion 460
Extension 4575
Lateral exion 45
Rotation 60-80
Thoracolumbar spine Flexion a0
Extension 2030
Lateral exion 25-35
Rotation 3045

Sourcéwww.fpnotebook.com/Ortho/Exam/ShidrRngOfMtn.htm)
Heyward VH.Advancedness assessment and exercise pi&s$edptigrOntario: Human Kinetics
Publishers, 2005.

TABLE 3.2 Lower body passive ROM

Joint  Motion Roass andAmerican Boone  Heyward Hallaceli
Andersson Association and Azen (2005) (°) etal.
(1982) (°)  of Orthopedi€1979) (°) (2014) (°)
Surgeons
(1969) (°)

Hip  Extension 9.5 28 121 30 19.8
Flexion 120.4 113 121.3 10020 128.8
Abduction 38.8 48 40.5 445 45.7
Adduction 30.5 31 25.6 230 24.2
Internal 32.6 35 44.4 4615 43.4
Rotation
External 33.7 48 44.2 450 41.9
Rotation

(Continuey


http://www.fpnotebook.com/Ortho/Exam/ShldrRngOfMtn.htm

Types of stretching and the effects on exibility 25

TABLE 3.2 (Cont.)

Joint  Motion Roass andAmerican Boone  Heyward Hallaceli
Andersson Association and Azen (2005) (°) etal.
(1982) (°)  of Orthopedi€1979) (°) (2014) ()
Surgeons
(1969) (°)
Knee Extension 10 a0 7.53
Flexion 143.8 134 141 13550 142.4
Ankle Extension 15.3 18 12.2 20 22.5
(dorsi exion)
Flexion (plantar 39.7 48 54.3 4660 49.99
exion)
Valgus 27.9 18 19.2 1820 19.9
(eversion)
Varus 27.8 33 36.2 385 34.1
(inversion)

SourcéAmerican Academy of Orthopaedic Surgedo@mt motion: Method of measuring and rdtfording
reprint. Edinburgh: E. & S. Livingstone Ltd, 1965.

Boone DC and Azen SP. Normal range of motion of joints in male sub]dgtme Joint Surg Bin
756-759, 1979.

Hallaceli H, Uruc V, Uysal HH, Ozden R, Hallaceli C, Soyuer F, et al. Normal hip, knee and ankle
range of motion in the Turkish populatioActa Orthop Traumatol T48¢3742, 2014.

Heyward VH.Advanced Fitness assessment and exercise\Wiedsdptiontario: Human Kinetics
Publishers, 2005.

Moller MEJ, Oberg B and Gillquist J. Duration of stretchinga on range of motion in lower
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(92). Whereas intratester reliability ranged from 0.91 to 0.99, intertester reliability
(ICC) ranged from 0.31 to 0.95, with limits 2.3 times higher for intertester
reliability when testing for various shoulder movements (external and internal
rotation and exion). The authors indicated that experienced individuals using the
same instrument for repeated measures (goniometer or digital level) should be able
to detect a shoulder ROM change of at least 6°, but when comparing measures
from two people, the detectable change is 15°. Another study (93) examined the
reliability of measuring ROM with visual estimation, goniometry, still photogra-
phy, “stand and reachand hand behind back reach for sixedent shoulder
movements. In general, they reported fair-to-good reliability .53-0.73) for

visual estimation, goniometry, still photography, and stand and reach. However,
the tests had standard errors of measurement between 14 and 25° (interrater trial)
and 11 and 23° (intrarater trial). The hand-behind-the-back test showed poor
interrater and intrarater reliability= 0.14-0.39). These poorndings are probably
related to the number of joints involved and the complexity of movement. Not all
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TABLE 3.4 Percentile ranks for the sit-and-reach test (Han, 2006)

Age (years)

Percentile 20-29 30-39 4049 50-59 60-69

rank M F M F M F M F M F
(cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm)(cm) (cm)

90 39 40 37 39 34 37 35 37 32 34
80 35 37 34 36 31 33 29 34 27 31
70 33 35 31 34 27 32 26 32 23 28
60 30 33 29 32 25 30 24 29 21 27
50 28 31 26 30 22 28 22 27 19 25
40 26 29 24 28 20 26 19 26 15 23
30 23 26 21 25 17 23 15 23 13 21
20 20 23 18 22 13 21 12 20 11 20
10 15 19 14 18 9 16 9 16 8 15

SourcéHo man JNorms fortness, performance, and. l@&aipaign, IL: Human Kinetics, 2006.

TABLE 3.5 Percentile ranks for the modid sit-and-reach test (Hman, 2006)

Females
Percentile rank <18 years 1385 years 3819 years >50 years

(inches) (cm) (inches) (cm) (inches) (cm) (inches) (cm)
99 22.6 57.4 21.0 53.3 19.8 50.3 17.2 43.7
95 19.5 49.5 19.3 49.0 19.2 48.8 15.7 39.9
90 18.7 47.5 17.9 45.5 17.4 44.2 15.0 38.1
80 17.8 45.2 16.7 42.4 16.2 41.1 14.2 36.1
70 16.5 41.9 16.2 41.1 15.2 38.6 13.6 34.5
60 16.0 40.6 15.8 40.1 14.5 36.8 12.3 31.2
50 15.2 38.6 14.8 37.6 13.5 34.3 111 28.2
40 14.5 36.8 14.5 36.8 12.8 325 10.1 25.7
30 13.7 34.8 13.7 34.8 12.2 31.0 9.2 234
20 12.6 32.0 12.6 32.0 11.0 27.9 8.3 21.2
10 11.4 29.0 10.1 25.7 9.7 24.6 7.5 19.1

Males
99 20.1 51.1 24.7 62.7 18.9 48.0 16.2 41.1
95 19.6 49.8 18.9 48.0 18.2 46.2 15.8 40.1
90 18.2 46.2 17.2 43.7 16.1 40.9 15.0 38.1
80 17.8 45.2 17.0 43.2 14.6 371 13.3 33.8
70 16.0 40.6 15.8 40.1 13.9 35.3 12.3 31.2
60 15.2 38.6 15.0 38.1 13.4 34.0 11.5 29.2
50 145 36.8 14.4 36.6 12.6 32.0 10.2 25.9

(Continuey
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TABLE 3.5 (Cont.)

Males
40 14.0 35.6 13.5 34.3 11.6 29.5 9.7 24.6
30 13.4 34.0 13.0 33.0 10.8 27.4 9.3 23.6
20 11.8 30.0 11.6 29.5 9.9 25.1 8.8 22.4
10 9.5 24.1 9.2 23.4 8.3 21.1 7.8 19.8

SourcéHo man JNorms fortness, performance, and. l@&aipaign, IL: Human Kinetics, 2006.

studies recommend visual inspection because van de Pol (94) stated that
measurements of physiological ROM using goniometers or inclinometers were
more reliable than using vision. However, another review reported that inter-
rater reliability of lower-extremity, passive ROM measurement is generally low
(95). One of the major problems is the sensation or measurements of end-feel,
which is a term used to describe theeextof sensation on the hands of the
examiner when they move the passjgit to the supposed end of ROM.
Active ROM s reported to have higheeliability than passive ROM because
passive measures depend on the force applied to the limbs by another indivi-
dual, and that force and sensations can change unconsciously between trials and
signi cantly between individuals.

FIGURE 3.5 Standard and electronic goniometers
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FIGURE 3.5 (Cont.)

Sometimes ROM tests may not measure what most people think they should
measure. The ubiquitous sit-and-reach test is commonly used to measure lower
back and hamstringexibility (Figure 3.7). Although a number of studies report
that the sit-and-reach test has moderate (96,97) or strong (98) validity for
measuring hamstring extensibility,t bow validity for lumbar spine extensi-
bility (99), another study contradicts thigd states that the sit-and-reach test (as



FIGURE 3.6 Inclinometers
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FIGURE 3.6 (Cont.)

well as the toe-touch test) is a more appropriate measure of lumbaresplnikty
and pelvic-tiit ROM, but not appropriate for hamstringxibility (100). These
results instil confusion into the general population. The sit-and-reach test and
toe-touch test can conceivably place undue pressure on the vertebral discs (101),
leading to injury. These concerns led to the development dftithek-savér sit-
and-reach test, where only one leg (hamstring) is stretched at a time (102). Another
variation is the chair sit-and-reach test (reliability:0.76-0.81), for which the
individual, while seated on the front edge of the chair, extends one leg with the
other leg exed to the side (103). The individual at the same time reaches as far
forward as possible. Furthermore, scapular abduction or arm-lengtendes
could also eect sit-and-reach scores (104). Hencanadi ed’ sit-and-reach test
(105) was introduced in which the score is based on theetlice between the
initial starting touch point of thengers on the device from a straight-back (good
posture) seated position and their maximum reach, rather than just the maximum
reach, which is commonly measured in the non-medi sit-and-reach tests.
Finally, it has also been argued that taller individuals can reach further than shorter
individuals with the sit-and-reach test because a longer spine permits greater spinal
exion (106). Obviously, no test is perfectly valid or reliable but, in general, the
articles tend to indicate that, if you use one particular test throughout, then it will
be fairly reliable at detecting change over time, but it isudt and precarious to
compare the scores between one test and another.



FIGURE 3.7 Sit-and-reach test
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It is very important when monitoring exibility to ensure that the joint or
joints to be measured are isolated and that other joints are not contributing to a
functional ROM. Individuals who lackexibility or ROM in one or a series of
joints can sometimes compensate by using or emphasizing another part of their
body that has betterexibility. This compensatory relativeexibility (107)
assumes that the individual will want to move through a movement or ROM
with the least resistance. Thus, when measuring hip extensor ROM in a pronated
position, if the individual has tight quadriceps, they may extend their lumbar
spine to achieve a greater score or, if measuring supinexdip ROM, with
tight hamstrings they could posteriorly tilt their pelvis to help increase the
movement of their leg. When performing an activity, the individual may
compensate for their lack oéxibility by relying on another body segment not
well designed for the movement and this could lead to injuries (1).

Sex differences

It is common knowledge that most women have betexibility than the average

man (108113). Some factors contributing to thisetience could be derences in

muscle mass, joint geometry, and the degree of collagen in the musculotendinous

unit (MTU) (1). For instance, men with highly hypertrophied biceps brachii or

hamstrings may be restricted by the muscle mass from achieving a fullexitoow-

or knee- exion ROM. Women show greater hipexibility with a single leg-raise

test (114). The broader and shallower hips of women contribute to this greater
exibility (1). Pelvic and thoracic angles are also greater in women (115). Not all

tests ratify these assumptions. For example, in one study, men demonstrated equal sit-

and-reach test scores as women but the women had 8% greaterep@vi{115).

Men tend to possess higher musculotendinousess (116), which would increase

the resistance to a higher ROM. One study reported 44% greater gastrocnemius

sti ness in men (18). Lower female passive museiestimay be attributed to lesser

female muscle cross-sectional area and thickness (117,118) or an intrinsically more

compliant female muscle (lower viscoelastic properties) (18). Female tendons have

greater compliance than male ones (119). Women are reported to have lower

collagen bril concentrations and percentage area compared with males (120).

Collagen is a major component of skin, fascia, cartilage, ligaments, skin, tendons,

and bones. It is a protein composed of a triple helix, giving it high tensile strength.

The elasticity modulus is highly correlated wittil concentration (120).

Some studies report an association between the greater tendon compliance of
women and their oestrogen secretion (121). Other endocrimeattices occur with
pregnancy. Women become morexible during pregnancy due to the release of
various hormones such as relaxin, which allows greater extensibility of the interpubic
ligament; however, not all studies agree (1). Without this increasddlity, the
relatively large skull of the baby would never make it through the vaginal canal. This
relaxin-induced increase irexibility can also act the ROM of other joints
throughout the body (1).
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After an acute bout of passive stretching (135 seconds), women demonstrated
greater ROM increases, which were attributed to a greater stretch tolerance
because their musculotendinousrass did not change with the stretching (116).
Generally, in order to obtain similar ROM increases as women, men may need to
stretch at a higher intensity or longer duration (116).

Ageing differences

Ageing or senescence has been describethascass of unfavourable progressive
changeé (122). Some older adults, as they look in the mirror, might counter that it
is a depressive (psychologically and physiologically) rather than a progressive change
that alters their previously younger, wrinkle-free skin, decreases their strength,
power, and speed, and increases their joint, ligament, and musculotendinous
sti ness. Older adults tend to be lessible than their younger counterparts
(48,65). However, when they participate in stretch training programmes, their
relative increases iexibility are similar to young adults (65). Furthermore, trained
older adults demonstrate greater degreeexability than untrained older adults
(65). As with other physicatness parameters, the typically more sedentary lifestyle
of senior adults exacerbates the declinexibility. A lack of activity can &ct the
synthesis, degradation, and interconnections between connective tissue.

Collagen consists of longhrous structural proteins with high tensile strength
and is the main component of fascia, cartilage, ligaments, tendons, bone. and skin
(123) (Figure 3.8). It is an evolutionary ancient protein involved with the binding
of cells of the simplest animals, such as sponges, as well as humans (124). Collagen
has an extremely low compliance, similar to the tensile characteristics of copper.
Intermolecular cross-links stabilize collagen, preventing the long rod-like

FIGURE 3.8 Collagen and elastirbres within a tissue
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molecules from sliding past each other, forming almost inextensikle (125).
In combination with the proteins elastin and soft keratintheir mix provides
not only strength (collagen) but also elasticity (elastin) (126). Unlike collagen,
elastin can double its length (125). With ageing, collagen increases markedly
(126), which would have sigréant e ects on ROM. The low compliance of
collagen increases muscle, tendon, and ligamenesdi Thus, with increased
sti ness or lower compliance, higher passive tension occurs for smaller increases
in musculotendinous length. These changes would also haveaigré ects on
the stretch-shortening cycle. An increase in connective tissue proteins such as
collagen impede the muscle contraction/relaxation process because it would have
less extensible and compressible spring-like capabilities (126). A further complica-
tion is the excessive formation of intermolecular cross-links (124). Collagen and
elastin cross-links in younger people promote strength and elasticity in the tissue,
but excessive cross-links with ageing can ensure thasstipredominates over
compliance. Another age-related change is the decreased hydration (water con-
tent) of aged tissue. Proteoglycans (i.e. chondroitin sulphate and keratin), which
are present in virtually all extracellular matrices of connective tissues, can hold
large amounts of water, and so changes in their composition could lead to mild
dehydration and some loss of function and extensibility (124). An example of this
lack of extensibility with age can be seen with a simple test. Have a young person
(especially a child) and a senior adult pinch the skin on the back of the hand.
Then, quickly release the skin and be aware of the time it takes for the skin to
return to its original shape and position. In a young child, it is practically
instantaneous and would be almost impossible to measure with a stop watch or
timer. With a senior adult, you can easily see and measure the slow return of the
pinched skin to its original position. The older pefsanore dehydrated, cross-
linked, collagen-predominant skin lacks the elasticity of the young jses&im
The same processes occur in the older parsomnective tissues subcutaneously
(under the skin) with the muscles, tendons, ligaments, and other tissues.
However, as mentioned, this decreased ROM is attenuated in trained and
more active older adults and with stretch-training programmes. Coincidentally,
animal studies have shown that the soleus muscles of rats do noeger sts
sti with ageing and possess, relatively, the sanreesti as young rat soleus
muscles (126). How can this be? Rats in laboratories love to run on their little
treadmills. The soleus muscle would be one of their most highly active muscles.
Thus, just like active or trained humans, if the muscle activity is maintained
throughout life, the degree of musculotendinous degradation antessiis
decreased. In a typical inactive older adult, the more elastic-like elastin proteins
degrade at a faster rate and are replaced by collagen. In senior-age trained
individuals, there would be less degradation, more elastin protein synthesis, less
collagen replacement, and less unsuitable cross-linkages. In addition, trained older
adults have greater stretch tolerance (i.e. greater tolerance of passive joint
moment), so they can push themselves farther while tolerating the relative
discomfort (127).
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Youth differences

It is generally considered that children have bedeibility than adults. However,
more age-speat research has shown elient patterns with pre-pubescence and
pubescence. Younger children around the age of 5 years typically show a high level
of exibility, which declines progressively until the age of 12 years. During puberty
until pre-adulthood 1218 years), their exibility exhibits improvements (128
131). Even with very young children when comparing 5-year-old children versus
6-year-old children (109) or kindergarten to second grade children (132), there has
been evidence of decreases @éxibility. Not all studies provide a consistent
picture. In contrast to the early studies that reported improegithility through-
out puberty, others have reported decrements{I3 or no signicant change
(139,140). Similar to senior adults who experience decrements in strength, power,
and ROM, many of the impairments can be related to their activity levels. A similar
relationship seems to exist with children with the less active experiencing great
ROM de cits. Young and pubescent children who partake in extenskibility
programmes such as gymnasts, dancguse skaters, and others can exhibit
astounding levels okxibility, continually improving from young childhood and
through puberty. Other less active children may lose their natxiility due to
the time spent sitting in school and at home (141,142).

It has been suggested that diminishegibility during puberty, as well as
so-called growth pain% and*tightness$, might be attributed to a greater growth
rate of the skeletal bones compared with the growth rate of muscles and connective
tissue (143146). However, a number of studies dispute this common belief, citing
in one study that older adolescents actually had greaibility (147) and a study
of 600 13- to 14-year-old students indicated that, although a decreaseéhitity
is associated with growth, growth does not redweability (141). Furthermore,
“growth pain% normally occur before the peak height velocity stage and thus have
no connection with growth (148). Regardless of the association or lack of
association with growth, one study reported that stretching reduced the duration
of “growing painsin 5- to 14-year-old children (149).

Genetic differences

Claude Bouchard, originally from Quebec, Canada, is internationally renowned for
his early genetic studies with twins. His review (150) examined ¢ése @ genetics

on exibility. The exibility relationship in his studies and others were quite low.
Whereas two studies from the same researcher reported moderate-to-strong correla-
tions between 11- to 15-year-old male twins (0.69) (151) and 12- to 17-year-old
male and female twins for trunk, hip, and shoul@sibility (0.70.91) (151), most

other twin studies found weak correlations (80183) (152155). These results

again point to the importance of the environment (nature vs nurture), i.e. the activity
levels and exibility training of individuals play a more important role than their
genetics in eecting ROM.
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Limb dominance differences

A similar activity-related ratiolamay be attributed to reports of drences

in ROM with dominant versus non-dwminant limbs. Two tennis studies
(10,156) reported decreased internal rotation of the shoulder but increased
external rotation ROM of the dominanarm. Two baseball studies reported
either no major dierences between right and left sides (157) versus greater
hip exion and internal rotation of the sta leg with baseball pitchers (158).
There is conict in the literature, with some studies showing insigant or

small ROM di erences with pubescent and young adult fematesulders

and lower extremities (131), and no diences in ankle dorsixion and
plantar exion ROM with 15-34 year olds (159). Other studies report
lateralized dierences with less right wrist mobility and left hip rotation
(108), and greater dominant limb humeral head retroversion angle (160).
Rather than limb-side derences in ROM being due to a lateralized predis-
position, it seems that dirences are more likely to be attributed to a
specic, unilateral, expanded dynamic ROM (increased ROM) or higher
incidence of injury to a predominant londuring repetitive tasks (decreased
ROM).

Circadian (diurnal, time of day) differences

Restricted ROM seems to be more prevalent in the morning<{169). As the
individual becomes more active during the day and increases their core tempera-
ture, there will be decreases in viscoelasticity (thixotroicte: see Chapter 4

for more details), increased tissue miance, and less resistance to motion.
Diurnal uctuations in endocrine responses éd¥enaline, noradrenaline, thyr-
oid hormones, testosterone, insulin-like growth factors, growth hormone) (170)
would also impact basal metabotithaty, contributing to core heatux changes
during the day. As the individual becasriess active and the endocrine activity
subsides later in the evening in preparation for slesqhility also diminishes
(164). In order to maintain a suitableORl towards evening, an individual
would need to maintain or increase activity in an attempt to maintain a higher
body temperature and sustain the energyititing hormones (i.e. adrenaline,
noradrenaline, thyroid hormones, tettosne, insulin-like growth factors,
growth hormone, and others).

Summary

Flexibility, de ned as the ROM around a joint, can be altered with passive and active
static, dynamic, and PNF stretching as well as other techniques. These stretching
techniques can provide elastic (acute or non-permanent) or plastic (semi-permanent
with prolonged training) changes to joimxibility. Most studies show that static and

PNF stretching provide greater increases in ROM versus dynamic stretching. Yoga is
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also very eective for improving ROM, although yoga integrates more diverse
activities than just stretching (i.e. breathing techniques, static and prolonged static
contractions, and meditation, among other activities), which cant averall
relaxation (enhanced parasympathetic stimulation). Normative data for joint
ROM are provided in a number of texts and articles. Most measurement techniques
such as the use of goniometemximeters, inclinometers, photography, and sit
(stand)-and-reach tests display high reliability, but may not provide similar between-
device values.
Women tend to have greater joint ROM than men due to anatomical

di erences, less musculotendinous unihesis (greater compliance), and endocrine

di erences. With ageing, people tend to become kdble which may be related

to increased collagen proportions and protein cross-linkages. However, much of
the exibility impairments can be attributed to greater inactivity. Youths, on the
other hand, tend to have higheexibility levels which may decrease during
puberty compared with childhood. Once again, however, the lower levels of
exibility with puberty can be related to more inactivity. With regard to the

e ect of genetics onexibility, activity again plays a more important role than
DNA because studies have shown weak-to-strong correlations. Individuals tend to
be less exible in the morning because the core temperature is lower and the
relatively long period of inactivity tends to restrict movement.
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A

MECHANISMS UNDERLYING ACUTE
CHANGES IN RANGE OF MOTION

Thixotropic effects

It is not even necessary to stretch in order to temporarily increase range of
motion (ROM). Warming the muscles and tendons will easily improve your
elastic exibility. Even more eective is the inclusion of an aerobic activity or
warm-up muscle contractions. The traditional warm-up is typically initiated with

a submaximal aerobic component (e.g. running, cycling) to raise the body
temperature 422°C (1,2). Any study that measures joint ROM before and after
almost any activity involving some persistent muscle contractions will detect an
increase in ROM. S. Peter Magnusson, a well-respected stretch researcher from
Denmark, indicated that the acuteeets of stretching in the holding phase of a
stretch are due to changes in tissue viscoelasticity. The underlying mechanism for
this viscoelastic ect is thixotropy, which occurs when viscous (thickends
become less viscous or mored like when agitated, sheared, or stressed. When
the stress is removed or desists, thenultetakes a certain period to return to its
original viscous state. Muscle contractions are not vesiget. Only 46-60% of

the energy consumed during a contraction contributes to producing force (i.e.
myo lament, C&", and N&/K* pump kinetics), whereas-4D% is released as
heat (3). The muscle contraction-induced increase in temperature of the soft
tissues can decrease the viscosity of intracellular and extraagtularoviding

less resistance to movement. Increases in muscle temperature can occur with
higher environmental temperatures, and muscle contractions associated with
dynamic stretching movements, isometric contractions during proprioceptive
neuromuscular facilitation (PNF) stretching, and to a lesser extent &xavee
contractions of static stretching. Thixotropiceets on viscosity are not just
muscle related but, as tendons consist -ef® water (4), will also be ected

by viscosity changes.
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A great analogy for those individuals who live in northern climates is the viscosity
of the oil in the car or truck engine when it is extremely cold. If you imagine that the
pistons are myosin molecules, both have to move in order to create movement. Oil
in very cold temperatures would act more like viscous molasses, providing high
resistance to movement of the pistons. A cold muscle would have more viscous
sarcoplasm providing higher resistance to the intramuscular proteins such as myosin,
titin, and others. The extracellulawid would also be more viscous when cold and
thus provide more resistance to the movement or sliding of musele, tendons,
and fascia. If a car is cold and will not start, you plug in the block heater, which can
warm up the oil (decrease viscosity) so the pistons can move. If your muscles are
cold, muscle contractions can increase musculotendinous temperatures, decreasing
viscosity and resistance to movement. In fact, | have had lazy friends who rather than
stretch and actively warm up before a squash game would sit in the sauna to warm
their bodies and thudimber ug' (i.e. decrease their musculotendinous and myo-
fascial resistance to movement). Athletes playing in cold environments must keep this
concept in mind. The colder they become, the less pliability exidility will result.

Often, you may see or hear an athlete who will disdain from standing by a heater or
using a blanket or jacket while on the sidelines in a cold or freezing environment.
Their intended approach or message is that they are so psycholdgiogtiy; they

do not need to use the same devices as $eafie or psychologicallyweaket
opponents. As a scientist and a coach, | would rather my athletes stay warm and be
psychologicallysmart and physiologicallye cient because hypothermia (cold)

a ects not only resistance to movemeix(bility), but also strength, power, rate of

force development, endurance, metabolism, and other vital processes for success in
the event or sport (5,6).

There are a number of other explanations for the increased ROM immediately
after stretching. Depending on whether the stretching is static, PNF, or dynamic,
there may be various emphases on whether it is thixotropic, neural, mechanical,
or psychological (stretch tolerance).

Neural mechanisms of acute static stretching

According to Nathalie Guissard and Jacques Duchateau (7), two internationally
distinguished neuromuscular physiologists from Belgium, the amount of stretch or
joint ROM that can be produced is highly attributable to the extent of muscle
resistance caused by tonicexes. Whereas dynamic movements (not through a full
ROM) and dynamic stretching (a full or almost full ROM) tend to excite the
neuromuscular system, static stretching is purported to decrease or disfacilitate this
re exive activity excitation of the motoneurons-18). The origin of this reex
suppression can be tested by using thentdmn reex (H-re ex) and the tendon
re ex (T-re ex) (Figure 4.1). The H-reex is evoked by stimu