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This review examines the influences of physiological aging processes on
connective tissue, joint integrity, flexibility (range of motion [ROM]), and
physical functions of older adults. Studies that attempted to improve older
adults’ ROM are also critiqued. Multiple mechanisms of musculoskeletal and
soft-tissue degeneration, as well as disease processes (osteoporosis, arthritis,
atherosclerosis), contribute to significant decreases in neuromuscular function
and ROM in older adults, all of which can be exacerbated by disuse influences.
Nodelineation of disuse effects on the rate of aging-related decrements in ROM
can be provided, however, because long-term investigations (with physical
activity controls) have not been conducted. Research efforts have documented
both upper and lower extremity decrements in ROM with development of
physical impairments, reductions in basic and instrumental activities of daily
living, and progression of disability. There is limited research evidence that
cither specialized stretch-training or general-exercise intervention protocols
moderately improve ROM in older adults and the frail elderly.

Key Words: range of motion, aging physiology, musculoskeletal impairments,
ADL, mobility, exercise interventions

Flexibility is a general term that describes the range of movement or motion
(ROM) of a single or multiple joints. The ROM of any joint is limited principally
by skeletal, muscle, and periarticular or surrounding connective-tissue functions
(Alter, 1996). Because the aging process affects the bone and all connective tissues,
including muscle, joint flexibility decreases significantly with advancing age, and
thus motor function is reduced (Alter; American College of Sports Medicine
[ACSM]. 1998b; Golding & Lindsay, 1989). The implications of aging-related
losses in ROM for older adults’ quality of life (QOL) are significant, because
activities of daily living (ADL), mobility, and rate of functional decline (disability
onset) can be affected (Bergstrom et al., 1985; Morey, Pieper, & Cornoni-Huntley,
1998). There is also strong conjecture that any exercise that improves ROM might
contribute to reduced risk for musculoskeletal injuries and falls among the elderly
(Speechley & Tinetti, 1990; Spirduso, 1995: Tobis, Friis, & Reinsch, 1989).
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Although most exercise-physiology research on aging has focused on aerobic
power and muscle strength, maintaining and improving flexibility should have at
least equal importance for function and QOL, especially for the frail elderly
(Blumenthal et al., 1989; Shepard, 1997). This review synthesizes the research
literature regarding flexibility and aging. It is organized into five sections: (a)
flexibility variables throughout the life span, (b) an analysis of ROM influences on
physical functions, (c) physiological influences of aging on connective-tissue and
joint characteristics, (d) ROM changes with aging, and () a review of training
studies designed to enhance ROM in older adults. Older adult is defined for the
purpose of this review as a person 65 years or older (Shephard; Spirduso, 1995).
Because of the great individual variability inherent in the aging process (Skinner,
1988), however, many of the findings developed from the review would have
implications for younger, middle-aged populations.

Flexibility Variables

Clinical or therapeutic uses of stretching can be traced back to the Greek and Roman
cultures, and the Asanas (yoga postures) were first described in the second century
A.D. (Woods, 1914). Potential benefits accruing from stretching were described in
early reviews and include muscle relaxation, injury prevention, relief of muscle
cramps and soreness, postural alignment and body symmetry, reduction of psycho-
logical stress, and, for yoga disciples, union of the mind, body, and spirit (Alter,
1996; Holland, 1968; Holland & Davis, 1975). ROM is influenced by multidimen-
sional factors throughout the life span, including gender, heredity, environment
(e.g., ambient temperature), neural mechanisms (e.g., muscle-spindle stretch re-
flex), and residual muscle tension. Additional variables include Circadian rhythms,
injury and pain, lack of strength and coordination, disease pathology, and the
skeletal, neural, and connective-tissue modifications that occur as a result of
physiological aging (Alter; Bertolasi, DeGrandis, Bongiovanni, Zanetta, & Casperini,
1993). It is well documented that women generally have more extensive ROM in
the major joints, which reflects a different pattern of skeletal architecture and
connective-tissue morphology and some hormonal differences (Bell & Hoshizaki,
1981; Gabbard & Tandy, 1988).

Over 200inherited conditions, including Ehlers—Danlos syndrome, can result
in abnormal laxity of all the joints, a condition defined as hypermobility (Beighton,
Graham, & Bird, 1983). Similar changes in joint laxity can occur, however, as a
result of traumatic or repetitive injury to the supportive ligaments, tendon, or
muscle/fascial tissue, with resultant loss of junctional integrity. Skeletal modifica-
tions can also oceur as a result of traumatic injury or disease (e.g., osteoporosis) and
result in significant loss of ROM. In addition, an individual’s lifestyle, including
nutrition, occupational demands, and physical activity habits, is significantly
related to many of the changes in bone and connective tissue that can influence
functional ROM during the life span. A primary concern with flexibility of older
adults is the documented increase in being sedentary with increasing age and its
influence on ROM, mobility, and physical ability to live independently. One of the
largest (N = 120,000) and most recent random surveys of the physical activity habits
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of U.S. adults reported that 36.9% of men and 47.3% of women 75 years or older
do not participate in regular exercise (Pratt, Macera, & Blanton, 1999),

Flexibility and Physical Functions

One of the consequences of extended longevity is what one researcher has described
as an epidemic of disability (Nagi, 1976; Vita, Terry, & Hubert, 1998). Of U.S.
adults 75 years and older, 9.1% require assistance in basic ADL, and 16.7% depend
on help with instrumental ADL such as shopping and housekeeping. The same
epidemiologic study showed that 14.7% of adults > 75 years of age are able to live
independently but are physically limited in activities such as locomotion up and
down stairs, stooping, bending, kneeling, handling, fingering, and reaching (Nagi).
Another investigation traced 6,981 men and women 65 years and older (range 65—
103 years) from various communities for 4 years with respect to changes in mobility
status (Guralnik etal., 1993). Over the 4-year follow-up period, 36.2% lost mobility
as defined by the ability to walk up and down stairs, as well as walk half a mile
without assistance. This section of the review addresses the role of flexibility in
ADL performance, maintaining mobility, and the progression of functional
limitations.

ACTIVITIES OF DAILY LIVING

The results of gerontology research conducted in the latter half of the 20th century
have allowed us to understand that successful aging, or sustained QOL, depends on
not just avoiding disease and disability but also preserving high physical and
cognitive function, as well as regular involvement in social and other productive
community activities (Rowe & Kahn, 1997). A framework described by DiPietro
(1996) can be used to examine (conceptualize) the relationship of physical attributes
such as flexibility and strength to basic ADL (walking, hygiene and bathing,
dressing, eating and drinking, transferring, toileting, rising from a chair, climbing
stairs), higher physical functions, and mobility (Spirduso, 1995). Granger, Albrecht,
and Hamilton (1979) developed a list of 14 groups of items rating ability to perform
basic ADL. If one analyzes each of these groups, it is apparent that 12 of them
significantly depend on functional levels of very specific ROM (e.g., shaving or
applying makeup, drinking from a cup, putting on socks and shoes, bathing without
assistance). Figure 1 illustrates the integrated hierarchical relationship among the
underlying physical fitness components, ADL, and mobility.

Physical-fitness components are usually classified as either health related
(e.g., muscle strength and flexibility) or skill-related (e.g., balance and agility;
Casperson, Powell, & Christenson, 1985). The two categories of physical-fitness
components are outlined in Table 1, and they should be viewed as the biological
foundation, or building blocks, for the successive conduct of basic ADL, instrumen-
tal (intermediate) ADL (e.g., cooking, shopping, transportation, business affairs,
housework), oradvanced (extended) ADL (e. g.,involvement in societal or commu-
nity roles as a volunteer and participation in informal recreational activities, sports,
hobbies, and employment, as well as social and religious groups; Reuben, Laliberte,
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Figure 1. Integrated components of physical function and fitness. Adapted from Patla
and Shumway-Cook, 1999.

Table 1 Components of Physical Fitness

Health-related components Skill-related components
Cardiorespiratory endurance Balance
Muscle strength Coordination
Muscle endurance Speed
Flexibility Power
Body composition Reaction time
Agility

Note. Adapted from Casperson et al., 1985.

Hiris, & Mor, 1990). Each of the health- and skill-related fitness components makes
specific contributions to the potential for and quality of performance at all levels of
physical function and mobility.

Since their classification, the three levels of ADL have been somewhat
compartmentalized for the practical objective of classifying older adults’ degree of
dependence/independence. From a functional perspective, however, they fall along
a gradational spectrum, and when any of the underlying fitness components is
compromised, some ADL function is attenuated. For example, maybe an individual
still answers “yes” for all of the instrumental ADL items, but in reality some of these
functions are very marginal and performed less efficiently as a result of a decrement
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in lower extremity strength and endurance or shoulder flexibility. More research is
needed regarding the critical levels or thresholds of both health- and skill-related
fitness elements that reflect aging degeneration and disuse effects. The integrated
model just presented obviously implies that greater contributions of cognitive,
sensory, and affective abilities are required as higher levels of physical function are
approached. These parameters are beyond the scope of this review.

MOBILITY

Mobility is generally regarded as the ability to move safely and independently from
one point to another and is critically important for the older adult both at home and
in the community (Patla & Shumway-Cook, 1999). Balance and gait {walking
efficiency) are critical components of locomotion, and Tinetti (1986) has developed
a useful index for rating both of these components. The balance component of the
assessment scale has 14 items, four of which are related to flexibility: neck ROM,
back extension, reaching up, and bending over. The Physical Disability Index (PDI)
was developed to evaluate physical impairment and disability in frail elderly in
nursing homes (Gerety etal., 1993). The index includes multiple measures of upper
extremity (elbow flexion/extension, arm supination/pronation, and shoulder flex-
ion and internal/external rotation) and lower extremity (hip flexion, knee flexion/
extension, and ankle dorsi-/plantar flexion) ROM. When evaluated in a random
population of frail nursing-home residents (N = 103), a composite flexibility score
that combined all 12 measures (PDI ROM) correlated significantly with the overall
PDI score (r= .74, p < .001) and the physical self-maintenance subscale (r = .45,
p<.001).

The Williams—Greene test of physical and motor function for older adults
includes a section on mobility that has one flexibility item, the standard sit-and-
reach test for low back and hamstring ROM (Williams & Greene, 1995), Recently,
an innovative approach to evaluating a broad range of ordinary ADL has been
developed: the Continuous Scale-Physical Functional Performance test (Cress et
al., 1999). The test provides a total score of independence in older adults, as well as
physical-domain scores (upper and lower body strength, flexibility, endurance, and
coordination). The flexibility domain includes only shoulder-flexion ROM, which
showed no significant improvement after 6 months of supervised strength and
aerobic-stepping exercise with 49 older men and women (mean age 76+ 4.0 years).

Traditionally, the criteria for functional mobility have focused on somewhat
arbitrary abilities required to maintain independent living, such as walking half a
mile (805 m), climbing a flight of stairs, and carrying a load of 25 Ib (11.3 kg;
DiPietro, 1996). Patla and Cook (1999) have recommended that mobility not be
viewed as an absolute quality but rather as a continuum of changing function. They
suggest that mobility quality varies from the bedridden nonambulator to the
unlimited community ambulator, with gradations in between (e.g.. limited home
ambulator and limited community ambulator; Figure 1). Thus, subtle changes in
mobility function can occur as a result of morbidity, musculoskeletal impairments,
or changing environmental challenges (e.g., urban development and new commu-
nity barriers for less adaptable older adults). We suggest that advanced (extended)
ADL be broadly viewed to include measurable levels of moderate to vigorous
exercise (Figure 1). An excellent scale was recently developed to assess exercise as
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an advanced ADL, in which participants are classified on the basis of their
frequency and intensity of exercise (Reuben et al., 1990). The ratings on this scale
range from nonexerciser (low) to frequent vigorous exerciser (high). Using the
paradigm of Casperson, Powell, and Christenson (1985), exercise is a subset of
physical activity (any voluntary movement that increases energy expenditure).
From their perspective, exercise is planned, structured, repetitive, and purposive in
that it is pursued in order to maintain or improve one or more fitness components.
Also, from this perspective, exercise is a behavior that can be measured by applying
performance or fitness criteria. Such an operational frame of reference allows for
the use of physical-performance or fitness measures as an alternative approach to
evaluating physical functions of older adults and making inferences regarding their
related QOL (Fillenbaum, 1988).

FITNESS MEASURES OF PHYSICAL FUNCTION

A generalized view of the aging process describes the gradual diminution of
physiological adaptations necessary to maintain homeostasis and the related pro-
gressive onset of senescence (Chodzko-Zajko, 1996; Shephard, 1997; Spirduso,
1995). Attempts to evaluate the rate at which these aging-adaptation changes occur,
by measuring physiological functions, have provided multiple indices of “biologi-
cal age.” There is a growing body of aging and physical activity literature directed
toward the use of physiological or physical-fitness parameters to estimate some of
the qualitative variances between chronological age and so-called biological age
(Skinner, 1988). These physiological-fitness indices are variously referred to as
vital age, functional age, physical-fitness age, functional fitness, ADL age, or, more
recently, biological vigor (Borkan & Norris, 1980; Chodzko-Zajko & Ringel, 1987,
Dubina, Mints, & Zhuk, 1984; Kim & Tanaka, 1995; Lee, Matsuura, & Tanaka,
1993: Nakamura, 2000; Nakamura, Moritani, & Kanetaka, 1989; Osness et al.,
1996; Rikli & Jones, 1999a; Shigematsu & Tanaka, 2000; Tanaka et al., 1995;
Tanaka, Watanabe, Hiyama, Takeda, & Yoshimura, 1992).

These studies have used various measures of health- and skill-related fitness
(as well as some physiological tests) and documented the fact that there is con-
siderable individual variability in the rate at which these types of performance
decline with aging (Chodzko-Zajko, 1996). These differences presumably reflect
heredity, the general health of the individual, and maintenance of physical activity
and other positive lifestyle factors. These types of assessment provide very dif-
ferent and useful information than that gained from medical profiles and self-
reports of ADL (Skinner, 1988). Some of these objective approaches for assessing
the qualitative functionality of the elderly have incorporated joint-ROM measures
as part of their test battery. Several of these flexibility test items are discussed later
in the article, in the review section on cross-sectional studies of aging and joint
ROM. The specific contributions of flexibility to older adults’ mobility, ADL, and
ability to live independently have not been studied in depth (ACSM, 1998b), but
anecdotal clinical evidence suggests that age-related loss of ROM might be
significantly related to such basic functions as climbing stairs, rising from a
sitting or recumbent position, and the eventual reliance on walking aids (Bergstrom
et al., 1985).
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ROM AND FUNCTIONAL LIMITATIONS

One study evaluated the specific minimal levels of shoulder abduction (range 70—
110°) and adduction (range 40-120°) required for performing basic ADL (e.g..
bathing in tub, washing hair, toileting) without difficulty (Young, 1986). A different
approach to examining the relationship of limited ROM to critical physical
functions was conducted through a study of 40 patients with advanced osteoarthri-
tis, with either localized (n = 39) or generalized (n = 16) osteoarthrosis (Badley,
Wagstaff, & Wood, 1984). The patients ranged in age from 28 to 84 years, and 10
different ROM measures were assessed with a standard orthopedic goniometer.
Disability was evaluated by a self-report questionnaire that was scaled to 24
questions categorized for specific critical functions relating to mobility (e.g..
getting in and out of tub), bending down (e.g., putting on shoes), dexterity (e.g.,
unscrewing lid), bending arm (e.g., washing face), and reaching up (e.g., washing
high window. Correlation between these disability-group scores and the 10 ROM
values were all negative and ranged from r=—.78 between reaching up and shoulder
abduction to r=-.51 between bending arm and elbow supination. Through analysis
of patients with specific disabilities in each category, the investigators developed
a comprehensive list of minimal (threshold) ROM required for all 24 daily
activities. A selective sample of these constituent activities for arthritis patients is
displayed in Table 2. Because these ROM values were obtained from individuals
with one or more existing disabilities, however, it is questionable whether they can
be used for normative reference because of the complex synergistic and polyarticu-
lar nature of even basic ADL.

Jette, Branch, and Berlin (1990) followed a group of older adults for a period
of 5 years and showed that specific losses of joint ROM and muscle strength were
directly related to the progression of various disabilities and decrements of basic and
instrumental ADL. Those who were under 80 years of age were more likely to have
losses in wrist ROM, whereas those 80 years and older experienced musculoskeletal
impairments of both the lower and the upper extremities, including the hands. Also,
Morey et al.’s recent research with 161 older adults (72.5 + 5.1 years) showed that
selected flexibility measures of cervical and spinal rotation, as well as shoulder
flexion, were directly associated with functional limitations as measured by self-
reports of health, basic and instrumental ADL, fall susceptibility, and a timed bed-
mobility test (p < .01; Morey et al.,1998).

Biomechanical logic would seem to dictate that a minimal level of spinal and
upper and lower extremity ROM is critical for ADL, maintaining mobility, and
pursuing significant recreational and leisure activities indigenous to QOL. Kine-
matic analyses have been conducted for such daily activities as level walking,
climbing up and down stairs, and rising from a seated position (McFadyen &
Winter, 1988; Naumann, Ziv, & Rang, 1982; Winter, 1987). These analyses provide
gross approximations of ROM functions during normal ambulation but provide
little insight to the minimal threshold level necessary for maintaining the ability to
perform these ADL tasks. Fleckenstein, Kirby, and McLeod (1988) demonstrated
the kinematic and kinetic differences with normal participants between rising from
a seated to a standing position with the knees flexed at 105 and 75°. Performing this
ADL task in the shortened ROM resulted in significantly greater hip-joint torque.
The peak hip-extension moments (Nm) and impulses were significantly (p <.0001)
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greater (78%) with the knees less flexed. The implications of limited knee ROM for
increased susceptibility to degenerative hip disease seem obvious, especially for
older adults with hip arthrosis.

Physiology of Aging and Flexibility

There has been extensive research on biological changes coincident with aging, and
detailed summaries can be found in most current exercise-physiology textbooks
(Robergs & Roberts, 1997). Also, Chodzko-Zajko (1996) has provided a succinct
summary of cellular, genetic, and control theories of physiological aging processes,
with generalized implications for exercise programming for older adults. Shepard
(1997) recently provided a detailed review of the changes in the major physiological
systems at rest and during maximal and submaximal exercise that are related to the
aging process. The position stand on exercise and physical activity for older adults
by the ACSM (1998b) provides a good synthesis of aging physiology, as it relates
to aerobic-exercise capacity, strength training, postural stability, flexibility, and
psychological function. The summary that follows reviews morphological aging
modifications in body composition and connective tissue. Studies of temperature
effects on connective tissues and investigations of joint-stiffness and disuse
syndrome are also presented, with implications for joint ROM.

BODY COMPOSITION

Tissue of the aging organism undergoes extraordinary changes. There are notice-
able transformations in lean body mass, characterized by reductions in bone and
muscle, along with corresponding age-related increases in body fat. For example,
it has been demonstrated in a large comparative study (N = 500) that body fat
increases from 33% to 44% in women and 18% to 36% in men between the ages of
18 and 85 years (Novak, 1972). Reductions in bone-mineral density with aging,
coupled with joint-cartilage degeneration, can result in significant loss of height.
Much of this height loss is a result of vertebral thinning and deterioration, so that
a woman with osteoporosis can lose as much as 3 or 4 in. of body height. The
resultant changes in posture (e.g., increased spinal curvature) can contribute
significantly to loss of spinal ROM (as much as 50%) and the etiology of related
postural syndromes such as chronic low back pain (Caillet, 1994; Lindsey, 1998;
McKeown, 1965). Also, age-related skeletal degeneration as a result of osteoporo-
sis and osteoarthritis is significantly related to the development of physical
impairments and related mobility problems, including susceptibility to falls
(Vandervoort, Hill, Sandrin, & Vyse, 1990). The most commonly affected joints are
the vertebrae, knee, and hip, and by the age of 75 years, 85% of the population have
osteoarthritic changes in the weight-bearing joints as demonstrated by radiography
(Moskowitz, 1989). The reduction in lean body mass is estimated to be approxi-
mately 15% between 30 and 80 years of age, and much of this reflects insufficient
mechanical loading of the musculoskeletal system (Evans, 1999).

Muscle atrophy (sarcopenia) is one of the most conspicuous degenerative
changes with aging and is related to a reduction in muscle-fiber number (Green,
1986: Grob, 1983), fiber size (Kovanen & Suominen, 1987), and a reduction in the
rate of muscle-protein synthesis (Welle, Thornton, Jozefowicz, & Riggs, 1993).



178 « Holland et al.

The number of motor neurons also diminishes with aging (Green; Gutmann, 1977),
with the Type 2 motor units apparently being more susceptible (Fitts, 1981). As
neural resources decrease and the aging muscles atrophy and become infirm,
walking speed is gradually reduced (Bassey, Bendall, & Pearson, 1988) as stride
length is significantly shortened (Fiatarone et al., 1990). As aging muscle fibers
atrophy, the rate of corollary deposition of fatty and fibrous (collagen) tissues
increases.

CONNECTIVE TISSUE: COLLAGEN AND ELASTIN

Collagen. Because collagen, which is a major component of all connective
tissue, has extremely poor compliance, its increase with age results in greater joint
stiffness (Alnageeb, Al-Zaid, & Goldspink, 1984). As muscle, ligament, and tendon
tissue age, there is an increase in the crystallinity of the collagen fibers, resulting in
an increase in their diameter. This increase in fiber diameter results in increased
collagen intermolecular bonding, which increases their resistance to deformation
(extensibility). There is also an aging-related formation of collagen-fiber cross-
linkages that are related to increased free-radical activity and contribute to a further
reduction in connective-tissue extensibility (Arking, 1991). Connective-tissue
collagen also shows significant dehydration with age, which can affect its elastic
quality (Elliott, 1965; Mohan & Radha, 1981). For example, the change in tendon-
collagen percent water from young (80-85%) to old mammals (70%) is significant.

Elastin.  Elastin fibers are found, in various quantities, in muscle fibers and
all connective tissue, including tendon and ligaments (relatively small amounts) and
fascia (relatively high amounts). All skeletal-muscle sarcolemmas have large
amounts of elastin fibers interwoven longitudinally with collagen fibers. In contrast
to collagen, elastin fibers possess a high degree of elasticity (low resistance to
mechanical deformation) because of a very different biochemical composition and
physical arrangement of their molecules. Elastin fibers provide the major quality of
extensibility (elastic deformation) for muscle, fascia, and ligament and thus
determine the major soft-tissue ROM for all joints (Jenkins & Little, 1974; Sapega,
Quedenfeld, Moyer, & Butler, 1981).

In a classic demonstration of the relative contribution of various tissues to
joint resistance using a progressive animal-dissection model, Johns and Wright
(1962) showed that the ligaments and muscle-fascial capsule account for 47% and
41%, respectively, of joint resistance to passive movement (Figure 2). Because of
theirrelatively higher concentrations of elastin fibers, it is presumed from these data
that the contiguous muscle and fascia are the primary anatomical components that
respond to a stretch stimulus (neural mechanisms not considered). The secondary
anatomical components would be represented by the contiguous ligaments and joint
capsule. Tendon is described morphologically as practically inextensible and
accounts for only 10% of the joint torque resistance to passive movement.

Elastin fibers show aging-related degeneration similar to that of collagen
fibers, These alterations include fiber fragmentation or fraying, calcification, and an
increased number of cross-linkages with other fibers. These new linkages, along
with selected biochemical changes, result in a slow loss of joint resiliency and
increased jointrigidity (Bick, 1961; Gosline, 1976; Schubert & Hammerman, 1968;
Yu & Blumenthal, 1967).
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Figure 2. Relative contribution of tissue types to joint resistance. Adapted from Johns
and Wright, 1962.

The changes in mammalian connective tissue summarized here have obvious
implications for aging-related loss of joint ROM. The coincident changes in the
neuromuscular system (e.g., sarcopenia and motor-cell degeneration) are undoubt-
edly related to the development and progression of musculoskeletal impairments
and their related disablement among the elderly (Jette et al., 1990).

TEMPERATURE INFLUENCES ON CONNECTIVE TISSUE

There have been many attempts in the animal laboratory to examine the effects of
artificial heating on the mechanical properties of connective tissues. The effects of
such heat stress were succinctly summarized by Sapega et al. (1981). Apparently,
the greatest effects of heat application occur when the connective tissue is under
tensile stress (e.g., stretch). Relatively high temperatures (>102 °C) are required for
these effects, which occur primarily through destabilization of collagen intermo-
lecular bonding, which enhances the viscous-flow properties of that tissue (de-
creased viscosity of the gellike ground substances that make up the nonfibrous
components of collagen).

Wright and Johns (1960a) used 2 young normal participants and tested the
serial effects of ice immersion (skin temperature at 18 °C) and heating by infrared
lamp (skin temperature at 45 °C) on metacarpophalangeal ROM. They reported that
ROM was improved about 20% by warming and reduced 10% by cooling. Another
investigation of 23 young men compared baseline ROM with mild physical activity
(2 min of flexion and extension), 10 min of heat application (45 °C water), and
combined heat and mild activity (Sechrist & Stull, 1969). All of the treatments
proved to be effective in improving wrist, ankle, and elbow flexion and extension,
with the exception of cold application. Gillette and Holland (1991) used treadmill-
walking warm-up sufficient to raise body-core temperature 0.5 °C and reported a
small but significant increase in hamstring ROM in young men. These studies serve
as the principal rationale for the use of mild physiological warm-up before ROM
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stretching, including exercise-program recommendations for older adults (ACSM,
1995, 1998a; Evans & Cyr-Campbell, 1997; Rodenburg, Steenbeck, Schiereck, &
Bar, 1994).

Cold application for flexibility purposes is used primarily for the analgesic
influence it can provide for stretching patients with adhesions and high levels of pain
(Alter, 1996). Therapeutic protocols for this purpose initiate with traction stretching
combined with heat for relatively long periods, followed by cold application with
continued traction. Such procedures are based on animal-morphology models that
demonstrated that terminal cold treatment increases the quality of plastic reforma-
tion, or the rate at which elongated connective tissue (elastic components) returns
to its prestretched length (Sapega et al., 1981). Some sports-medicine advocates
have extrapolated from this concept that “cool-down stretching” (stretching con-
ducted after aerobic exercise) will result in better retention of ROM than will
stretching done before such exercise. This hypothesis has not been well studied, but
there are no reports in the sports-medicine literature of any injurious effects of the
common practice of stretching before and after aerobic activity.

HUMAN JOINT STIFFNESS

One of the generalized modifications in older mammalian joints is described
clinically as arthrosclerosis, or an increase in joint stiffness. Stiffness is biome-
chanically defined as the force required to move a joint through a specified ROM,
and this characteristic can increase with age (Wright & Johns, 1960b). Such
increases with aging reflect the morphological changes in connective tissue reviewed
earlier in the article, as well as changes in the joint proper, such as a decrease in
synovial viscosity and increase in cartilaginous degeneration (Barnett & Cob-
bold, 1969; Jebens & Monk-Jones, 1959; Segre, 1971). One of the first experi-
ments to compare joint stiffness in healthy young (15-19 years) and older (6388
years) men was conducted using the animal-morphology model first developed by
Johns and Wright (1962). With this method, index-finger resistance (stiffness) to
passive movement was measured by a potentiometer bonded to an oscillating lever
(Chapman, deVries, & Swezey, 1972). These investigators reported a 30% differ-
ence in resting passive-ROM resistance (stiffness) between the young and old.
Electromyographic monitoring minimized the possible influence of residual mus-
cle tension on joint resistance to passive force.

In 1975 (Such, Unsworth, Wright, & Dowson), another attempt was made
using an arthrograph (which imparts a reproducible passive sinusoidal motion to
joint) to measure knee stiffness in younger and older men and women (N = 70).
Results showed that dissipative energy (energy lost per movementcycle of the joint)
increased with age for both sexes, but the critical measure of stiffness peak-to-peak
torque (elastic stiffness) did not. A similar approach was used to evaluate potential
differences in ankle stiffness among 45 women ranging in age from 21 to 80 years
(Chesworth & Vandervoort, 1989). Passive resistance to 10° of alternate dorsiflex-
ion and plantar flexion was measured by use of a torque-motor system. Passive
torque and passive elastic stiffness increased nonlinearly during both movements,
but there were no significant age-group differences.

The same researchers repeated this study design with a much larger popula-
tion (N = 214) that included men and women ranging in age from 55 to 85 years
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(Vandervoort et al., 1992). This comparison of middle-aged and elderly participants
demonstrated significant (p < .03) age-related differences in ankle stiffness during
passive stretching at 10° dorsiflexion (approximately midrange). The youngest women
(55-60 years) had the lowest mean value, 5.96 + 1.65 Nm, which increased to 8.74 +
2.48 Nm in the 81- to 85-year-old women. Corresponding men'’s values went from 8.8
£ 2.14 Nm for the youngest (55-60 years) to a high of 9.94 +2.63 Nm in the 71- to 75-
year-olds and a value of 9.35 + 4.00 Nm in the oldest men (81-85 years). The main
effects of gender for stiffness values were highly significant (p < .001). The authors
reported that the larger stiffness values for the men were probably related to the ob-
served larger muscle mass in their lower extremities, as contrasted with the women.
These study results imply that moving the foot up during walking (dorsiflexion) re-
quires more strength as one ages from the middle years to the 70s and 80s. These
same participants, however, demonstrated a 30% difference in dorsiflexor stren gth
between the youngest and oldest age groups. Decreased strength and flexi-
bility of the muscles around the ankle joint have been identified as risk factors
when elderly people with a history of falling were compared with nonfallers
(Studenski, Duncan, & Chandler, 1991). Data that document the apparent age-
related decrement in ankle dorsiflexion are presented in another part of this article.

Active stretching of the plantar flexors was accomplished with isometric
contractions of 20-60% of maximum to ascertain possible differences between 16
young (20-29 years) and 14 elderly (57-71 years) women (Blanpied & Smidt,
1993). A microcomputer was used to analyze forceplate-resistance values to the two
stretch forces. Variable results precluded any age comparisons for absolute elastic
stiffness, but after 6 weeks of strength training both age groups showed small
decreases in stiffness.

DISUSE MODIFICATIONS

When one reviews the research literature relative to biological aging of the mus-
culoskeletal system, it is obvious that there are many similarities to the physiologi-
cal changes associated with physical inactivity or disuse phenomena (Bortz, 1982).
These similarities have led to some speculation regarding the potential modification
or reversibility of selected aging processes at the cellular level that might be ac-
complished through lifestyle changes such as exercise, improved nutrition, smok-
ing cessation, weight reduction, and stress reduction (Chodzko-Zajko, 1996; Evans
& Cyr-Campbell, 1997; Wilmore, 1991).

The influences of disuse modifications on connective-tissue morphology are
well documented. These mechanisms have been described primarily through the
experimental immobilization of animal limbs. One of the most fundamental
changes within several weeks of immobilization is abnormal collagen-fiber cross-
linkages at their end junctures, which result in restricted stretch quality of the
affected muscle, fascia, or ligament. These abnormal cross-linkages are accompa-
nied by increased loss of tissue water and selected changes in chemical structures
(Akeson, Amiel, & Woo, 1980; Donatelli & Owens-Burkhart. 1981; Gross, 1961).
The end result of these deviant collagen linkages is diminished extensibility and
elevated joint stiffness. Older adults who are bedridden or suffer from serious
physical impairment probably incur similar tissue degeneration that is further
complicated by the natural consequences of connective-tissue aging.
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Flexibility Changes and Aging

This section of the article is devoted to investigations that attempted to associate
changes in human ROM with chronological age. It is generally organized by
specific joint movement. More details are provided for the studies that used more
valid measurement techniques and reported reliability coefficients (e.g., test-retest
forintertester orintratester reliability). If passive ROM was the measurement mode,
itis so indicated; otherwise it can be assumed that active ROM was used. Itcan also
be assumed., unless otherwise indicated, that when results are presented in degrees
of ROM, traditional protractor goniometry was used. The first part of this section
of the review is devoted to several studies of multiple-joint ROM, which s followed
by studies of discrete-joint ROM listed anatomically.

MULTIPLE-JOINT ROM

Maximum ROM is achieved in the mid- to late 20s for both men and women and
gradually decreases with advancing age, but apparently it decreases more rapidly
in some joints than others (Bell & Hoshizaki, 1981). One study measured 190
participants ranging in age from 18 to 88 years on 17 variables at eight different
joints, using a well-validated Leighton gravity flexometer (Leighton, 1942, 1955).
Analysis of ROM data for male and female participants across age revealed a
general decline as age increased for both sexes, with women demonstrating better
ROM throughout the adult life span. The largest differences between the women
and men were after 75 years of age for cervical rotation; shoulder flexion/extension;
and trunk flexion/extension, lateral flexion, and rotation. Significant negative
correlations between individual ROM measures and age ranged from —17 to —.62.
The loss of flexibility with age was more pronounced in lower rather than upper
extremity ROM. It is interesting that in this study, 17% of the 60- to 74-year age
group and 7% of the 75-year and older age group self-reported difficulty in per-
formance of basic ADL. No information was reported, however, for the possible
association between these perceived difficulties and specific ROM measures.

One of the more comprehensive analyses of ROM compared 15 men and
women (60—69 years of age) with an older group of 15 men and women (75-84
years; Walker, Sue, Miles-Elkousy, Ford, & Trevelyan, 1984). Multiple measures
(degrees) were conducted for five shoulder and four wrist ROM, as well as elbow
flexion and radioulnar pronation/supination. Lower extremity ROM included six
hip and three metacarpophalangeal ROM, as well as knee flexion, subtalar inver-
sion/eversion, and ankle plantar and dorsiflexion. MANOVA analyses did not
support any significant differences in ROM between the two age groups, but 12
motions were significantly different between the sexes. This study recruited
volunteer participants from a community recreation center, however, and might
have represented selection bias. Passive ROM was compared for a younger group
(2032 years) and older group (59-75 years) of women (N = 22; Hubley-Kozey,
Wall, & Hogan, 1995). The 7% lower hip flexion (=7.4°%) and 21% lower knee
flexion (=31.2°) in the older group were significant (p < .025). These findings are
in general agreement with those of other investigations that are reported later in this
section of the article.



Flexibility and Physical Functions « 183

LOW BACK/HAMSTRING

Tests of hamstring flexibility have been an intrinsic component of the ROM
segment of fitness-test protocols formany years (ACSM, 1998b). Even though such
tests have some inherent limitations because of the difficulty of estimating complex
multijoint ROM linearly, they are useful clinically because of the importance of
hamstring ROM in maintaining spinal integrity (Caillet, 1994; Holland & Davis,
1975). A dramatic example of changes in ROM with age is seen on the YMCA sit-
and-reach test of low back and hamstring flexibility (Table 3). With data from over
33,000 participants from centers throughout the United States, it represents the
largest available normative scale of adult ROM (Franks, 1989: Golding, Meyers, &
Sinning, 1989). This test procedure was recently recommended as part of a clinical
battery of fitness tests for use by physicians for preexercise prescription screening
(Kligman, Hewitt, & Crowell, 1999). Both sexes lose about 1 in. per decade (14.5%)
in performance on this test. These data also vividly reflect the concept that selected
ROM in women is significantly better than in their male counterparts. This was
identified in early and more recent reviews of the flexibility research literature
(Alter, 1996; Holland, 1968). In a sample of 250 Korean women 60-90 years of age,
a modified version of the sit-and-reach measure yielded a mean value of 18.03 in.
(corrected value for different heel placement; Kim & Tanaka, 1995). The range of
reliability for this version of the sit-and-reach test is reported as .93 (Shigematsu,
Kim, Kim, & Tanaka, 1998) to .96 (Shigematsu & Tanaka, 2000). The same
laboratory has also developed a standing version of trunk flexion (hamstring ROM)
as part of its functional-fitness test sequence (Tanaka, Shigematsu, Nakagaichi,
Kim, & Takeshima, 2000). Test-retest reliability for this standing version of
hamstring ROM is .97 (Shigematsu et al.).

A modified version of the sit-and-reach test is included in the Fullerton
Functional Fitness Test (FFT), developed by Rikli and Jones (1999a). Their low
back and hamstring ROM test is conducted in a seated position (chair) to accommo-
date older participants who have difficulty getting down on or up from the floor.
Unlike the standard floor sit-and-reach test, one leg is flexed at the knee to reduce
spinal compression. Test-administration procedures are provided in careful detail
in the appendix of the recent report. The same authors also published the results of

Table 3 Floor Sit-and-Reach ROM, Mean Scores (in.)

Age Group
Sex 18-25 years  45-65 years  >65 years
Women 19 16 15
Men 16 12 10

Note. Baseline is with the heels and toes at the 15-in. mark.
Adapted from Golding & Lindsay, 1989,
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a national survey for the FFT with a population base of 7,183 (age 60-94 years),
conducted at 267 different sites (Rikli & Jones, 1999b). Normative distribution
scores by gender and age group reflected a very similar pattern to that reported for
the YMCA sit-and-reach test. Women performed significantly better than men did
(p < .001), and significant differences occurred across adjacent 5-year age groups
(p < .007), three female age groups and four male age groups. The reported score
range from age 60 to 90 years for men is 15.9-11.2 in. and for women is 18.2-14.5
in. (corrected values for different heel placement). The test procedure yielded
excellent intraclass reliability estimations between multiple-day measures of R =
95 (Rikli & Jones, 1999a). Also, the authors have reported that the sit-and-reach
FFT item helped effectively discriminate between frail and independent women age
70-89 years (p < .01; Jones, Rose, & Newsome, 1999).

The American Alliance for Health, Physical Education, Recreation and
Dance (AAHPERD) published the second version of their Functional Fitness
Assessment for Adults Over 60 Years (Osness, 1998; Osness et al., 1996). The
sit-and-reach test component is a variation of the YMCA test. It is conducted with
the participant sitting on the floor, and measurements are made with a yardstick.
Data have been collected nationwide for over 2,000 participants 60-90 years of age.
and standards are expressed as average, above average, and below average for 5-
year age and gender groupings. The test developers reported test—retest reliability
coefficients of .978-.99 (women) and .098—.991 (men). This sit-and-reach norma-
tive database displays an age and gender pattern very similar to those of the YMCA
and FFT items reviewed previously. The reported score range from age 60-90 years
for men is 11.2-15.9 in. and for women is 14.5-18.2 in. (corrected values for
different heel placement for comparison with YMCA norms). Shaulis, Golding, and
Tandy (1994) also reported significant gender differences on the AAHPERD sit-
and-reach test for older adults, with corrected values averaging 12.26 in. for men
and 20.08 in. for women. Mobily and Mobily (1997) conducted an independent
investigation of the AAHPERD functional fitness test battery and reported that
intraclass reliability coefficients at baseline, 4 weeks, and 8 weeks for the sit-and-
reach test item were .995, .997, and .998, respectively, revealing that reliability
remained high despite improved participant performance.

SHOULDER ROM

A cross-sectional study of shoulder flexion in 59 individuals of both sexes with no
history of shoulder disability and ranging in age from 20 days to 103 years was
conducted with goniometry measures accurate to 0.2° and test-retest reliability
coefficients of r = .99 (Germain & Blair, 1983). Subsets of the cohorts tested for
shoulder flexion are displayed in Table 4. With the arm in the anatomical position
(0°), full flexion to the vertical (180°) approximates normal or full shoulder ROM
for this movement. Examination of Table 4 reveals the steady decrease in shoulder
ROM that begins at about 10 years of age and continues throughout the life span.
so that by age 70 about 20% of flexion is lost. The study yielded a mean shoulder-
flexion value of 178.96° (+ 14.5) and a correlation between age and measurement
of r=—70 (p < .001). Table 4 also provides a suggested clinical standard or range
(in degrees) by age grouping. Self-reports of occupational demands and exercise
habits that involved the upper extremities were associated with significantly
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Table 4 Shoulder Flexion (°) and Suggested Clinical Standards
by Age (N = 59), Men and Women

Age group

(years) n M (SD) Suggested standard
0-1 7 188.66 (11.96) 185-195
1-2 13 196.24 (9.58) 190-200
2-5 9 182.93 (15.90) 180-190
5-10 10 190.01 (8.00) 185-195
10-20 19 183.16 (6.91) 180-190
20-30 39 179.73 (9.83) 175-185
3040 24 177.31 (7.94) 170-180
40-50 10 176.03 (7.22) 170-180
50-70 13 169.59 (11.11) 165-175
70+ 13 151.96 (16.92) 145-155

Note. Adapted from Germain & Blair, 1983,

(p < .001) lower age-related loss of flexion ROM. There were no significant
differences by gender in this report.

The FFT also includes a test item to evaluate shoulder ROM, designated
“back-scratch test” (Rikli & Jones, 1999a). This test procedure is a modified version
of the Apley scratch test that has been used for many years by clinicians for
subjective evaluation of general shoulder ROM (Gross, Fetto, & Rosen, 1996).
Briefly, the protocol involves reaching behind the head with one hand and behind
the back with the other in an attempt to touch the middle fingers of both hands. A
ruler is used to measure the distance between fingers. Table 5 outlines the means by
age and gender for this FFT test item based on more than 7,000 observations (Rikli
& Jones, 1999b). AVOVA revealed significant main effects for gender (women
performed significantly better) and age group. Note also that the combined mean
value for women (1.9 in.) was 60% better than the same measure for men (—4.81n.),
and Fisher’s post hoc analysis indicated that significant differences occurred across
adjacent age groups (p < .007; three female and two male groups). The single-trial
intraclass reliability estimates (R) for the scratch procedure were .96 (Rikli & Jones,
1999b). In a cross-validation investigation of the FFT, this measure’s test—retest
reliability value was .98 (Miotto, Chodzko-Zajko, Reich, & Supler, 1999). The
researchers who developed the FFT also reported that the scratch test, as well as the
otherbattery items, was significantly different for physically frail independent older
adults who were 70-89 years old (Jones et al., 1999). A similar version of the scratch
test is included in the Purdue Lifespan project (Holcomb et al., 1999).

Another approach to evaluating upper extremity ROM involves reaching
overhead, as in the movement required to access a high shelf or window. Such a test
item is included in a battery of ADL-performance tests for use with older Asian
adults (Kim & Tanaka, 1995). The test item specifically involves raising both arms
overhead while holding a bar in both hands in a standing position, The measurement
is expressed as degrees beyond the vertical shoulder-flexion position of 180°.
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Table 5 Back Scratch (in.) by Age and Gender (N = 7,183)

Age group (years) Women Men
60-64 -0.7'%:3.5 34148
65-69 1.2+ 3.7 4.1 +49
70-74 -1.7 + 3.8% —45+49
75-19 2.1 £4.1 5.6 = 5.1*
80-84 -26 £42 =5.7:% 54
85-89 -3.9'% 4.5% 6.2 + 4.8
90-94 4.5 +5.2% 7.2 £ 4.8%
Combined -1.9 +£4.0 4.8 £ 5.0

Note. Adapted from Rikli & Jones, 1999b.
*Age-group mean significantly different from mean of the age group
below (p < .007).

Another variation of the anterior shoulder-girdle ROM test involves the same
movement pattern, except it is administered with the participant in a seated position
sothat the hip girdle is stabilized (Shigematsu etal., 1998). The test—retest reliability
for this version of the shoulder-flexion test is .94.

Inalarger survey, 953 independent elderly men and women were assessed for
shoulder abduction using a gravity goniometer (Bassey, Morgan, Dallosso, &
Ebrahim, 1989). The mean values by age group and gender were 129 + 14° for men
age 65-74 years, 1211 19° formen over 74 years old, 124 + 19° for women age 65—
74 years, and 114 + 22° for women over 74 years old. These mean values are about
120° for both sexes, which is about 30° below the clinically recommended
orthopedic norm (Heck, Henderson, & Rowe, 1965). There were significant effects
for sex and age (p <.001); women had poorer ROM, and the reduction in abduction
was approximately 10° per decade. Multiple-regression analysis showed that the
effects of age were accounted forin part by health (self-rating), strength (hand grip),
and customary use of the shoulder in everyday activities (self-report). Participants
with a clinical history of shoulder disability (N = 30) had a much lower abduction
ROM (men 87°, women 88°). Young (1986) estimated that older adults require
minimal shoulder-abduction ROM of 70-110° for adequate maintenance of basic
ADL. Much clinical attention has focused on the progressive degeneration of the
shoulder joint with age and its relationship to upright posture, attendant biome-
chanical stresses., and execution of upper extremity ADL (Bechtol, 1980; Caillet,
1995). These degenerative changes are undoubtedly related to the apparent age-
associated decreases in shoulder ROM outlined previously.

SPINAL ROM

Not surprisingly, cervical ROM is reduced si gnificantly in older adults, and this has
significant implications for posture and biomechanical efficiency because of age-
related skeletal deformation (cervical kyphosis), which is very common in the
65-year-old and older population (Kuhlman, 1993; Lindsey, 1998). Between the
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ages of 65 and 75, 74% of men and 87% of women show radiographic evidence of
cervical-disk degeneration (Meisel & Bullough, 1984). Kuhlman compared differ-
ences in six cervical-ROM measures between 31 young adults (2030 years) and
older adults (70-90 years). The elderly men and women had significantly lower
ROM than the younger group did (p < .01) for all six motions (12% less anterior
flexion, 32% less extension, 22% less lateral flexion, and 25% less rotation). Table
6 compares all six cervical-ROM means for the 70- to 90-year-old men and women.
Itis evident that the older women had significantly better cervical flexibility than
the mendid (p <.05), except for flexion, which was virtually the same for both sexes.
Kuhlman’sresearch used arelatively simple cervical gravity goniometer, which can
be strapped to the head for measurement of multiple neck ROM. Intrarater-
reliability coefficients ranged from .62 to .95, and interrater reliability from .73 to
.92 (Kuhlman). Kuhlman’s research findings corroborate the results of Bell and
Hoshizaki (1981) with respect to age and gender cervical-ROM patterns.

A similar cross-sectional investigation of gross spinal ROM compared three
age groups of women ranging from 20 to 84 years (Einkauf, Gohdes, Jensen, &
Jewell, 1987). Spinal ROM for all three groups are exhibited in Table 7 for standing
anterior flexion, extension, and sitting left and right lateral flexion. The largest
differences between young (20-29 years) and old (70-84 years) were seen for
posterior extension (50% lower), and the smallest, for anterior flexion (24%). All
between-age-group differences as evaluated by MANOVA were significant (p <
.05). The authors indicated that some older adults were limited in achieving a
maximal forward-flexion position because of abdominal fat, which might have
influenced the validity of the reported values. These researchers also hypothesized
that older adults are required to assume more forward spinal-flexion positions for
the conduct of everyday activities and thus retain that ROM better than others. It is
also possible that some older adults with balance problems might be reluctant to lean
backward (spinal extension) maximally.

In Japan, a spinal-extension measure has been used for several years as part
of a functional fitness test for applications with middle-aged and older adults
(Tanaka et al., 2000). The test is conducted on a mat or table with the feet stabilized,
and when the individual achieves maximum thoracolumbar hyperextension, the

Table 6 Cervical ROM (°) for 70- to 90-Year-Olds (N = 42)

Motion Women Men

Flexion 69.0 £ 5.0 69.8 + 10.2
Extension 70.6 £ 6.2 80.8 + 6.3%
Lateral flexion left 47.6 + 4.6 50.5 £ 4.8*
Lateral flexion right 46.1 + 4.8 51.1 £ 4.4%
Right rotation 90.3 + 34 05.8 1 3.3%
Left rotation 904 + 2.0 953 £ 4.4*

Note. Allmeasures are from the anatomical upright position (0°). Adapted
from Kuhlman, 1993,
*p < 05.
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Table 7 Spinal ROM (°) for Three Age Groups of Women (N = 51)

20-29 years 50-59 years 70-84 years
Spinal measure (n=121) (n=15) (n=15)
Anterior flexion 69 £ 12 6.3 £ 1.4% 52 & 1.2*
Extension 36.0 £ 12.1 22.0 £ 6.8* 18.0 £ 4.4%
Lateral flexion left 33.0+ 7.0 28.0 £ 5.1% 20.0 £+ 4.4*
Lateral flexion right 36.0 £ 5.7 31.0 £ 5.8% 24.0 £ 3.5%

Note. All measures are from the anatomical upright position (0%). Adapted from Einkauf et
al.. 1987.
*p < 05.

distance from chin to base (mat or table) is measured in centimeters. A variation of
this spinal measure was used in a study of controlled stretch training in older women
and is reported in a later section of this article (Rider & Daly, 1991).

One investigation was identified that attempted to measure spinal-axial
ROM, but it tested only 9 male and 8 female participants ranging in age from 2 to
74 years (Schenkman, Hughes, Bowden, & Studenski, 1995). This ROM is
measured in a seated position with the thighs stabilized, while the participant
maximally rotates the thoracolumbar spine to the right and left. There was great
variability, with a minimum ROM of 92° and a maximum ROM of 190° for the 17
participants. This new test procedure yielded a test-retest reliability of .90-.95 and
interrater reliability of .97. Data were not analyzed by age or gender. This little-
studied ROM measurement is obviously critical for such instrumental daily activi-
ties as driving a motor vehicle. With respect to the maintenance of spinal integrity,
it should be mentioned that older people who spend an inordinate amount of time
sitting tend to have flatter lumbar curves and a compensatory slight flexion of the
hip and knee joints, which can affect their walking efficiency (Borenstein & Burton,
1993). Such joint modifications can be considered hypokinetic adaptations.

HIP AND KNEE ROM

In a very large cross-sectional sample (N = 056) of men and women, multiple
measures of hip and knee ROM all showed significant losses with aging (Roach &
Miles, 1991). These researchers compared a sample of relatively young adults (age
25-39) with an older group (age 60-74) on six ROM variables (Table 8). Study
results were reported as only mean values without standard deviations. Generally,
the differences in average ROM between the two age groups were small, ranging
from 3° to 5°. The smallest age-related difference was for knee flexion (2%), and
the largest was for hip extension (20%; p < .05). No statistical comparisons for
gender ROM differences were provided in the results. These researchers further
analyzed the age-related decreases in flexibility expressed as loss of the percentage
of the normal arc of ROM (Table 9). When the decrements were viewed in this way.
this value ranged from ~2% (knee flexion) to —23% (hip extension). Certainly the
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Table 8 Lower Extremity ROM (°) for Two Age Groups
(N = 956), Men and Women

Age Group
25-39 60-74
Motion (n=433) (n=523)
Knee flexion 134 131
Hip flexion 122 118
Hip extension* 22 17
Hip abduction 44 39
Internal hip rotation 33 30
External hip rotation 34 29

Note. Adapted from Roach and Miles, 1991,
*p < .05,

Table 9 Differences in ROM Between Young (25-39 years)
and Old (60-74 years) Age Groups (N = 956)

Movement Degrees Percent arc
Knee flexion -3 -2
Hip flexion —4 -3
Hip extension —5* =23
Hip abduction -5 =11
Internal hip rotation -3 -9
External hip rotation -5 -15

Note. Adapted from Roach and Miles, 1991
*p < .05,

15% and 11% losses of ROM arc for external hip rotation and hip abduction,
respectively, have important implications for locomotion and mobility. The rela-
tively large loss in hip extension is undoubtedly related to the shorter stride length
characteristic of older men. In a significant study of walking patterns of healthy
young and old men (age range 2087 years), stride length was expressed as percent
body height (Murray, Kory, & Clarkson, 1972). For free ( normal-gait) walking, the
mean stride length of men younger than 65 years averaged 89% of their height,
whereas for those older than 65 years it averaged 79%. Even larger differences were
shown between the young and old groups during high-speed walking. These shorter
stride lengths were also biomechanically related to significantly less hip rotation,
knee flexion, and ankle extension (plantar and dorsiflexion) during the normal walk
gait of participants 65 years or older.
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ANKLE ROM

A comparison of ROM of the ankle complex in a group of younger and older men
and women showed no significant age-related differences, but there was signifi-
cantly higher flexibility for both groups of women (Sepic, Murray, Mollinger,
Spurr, & Gardner, 1986). A more recent cross-sectional study of multiple ankle-
joint ROM, however, did find small but significant age-related decrements in
flexibility (Nigg, Fisher, Allinger, Ronsky, & Engsberg, 1992). Amore comprehen-
sive sample of 214 middle-aged and older adults was carefully tested for maximum
ankle dorsiflexion using a rotary footplate that was attached by Velcro™ straps to
the ankle for isolation of movement (Vandervoort et al., 1992). Table 10 presents
the active ankle-ROM values for the various age groups. Mean values for the
women decreased from 20.7° to 10.1° between the youngest and oldest groups.
Corresponding values for the men dropped from 20.0° to 13.5°. Sex and age-group
differences were significant (p <.001), and itis obvious that the women had a greater
decrease across age groups than men did.

Vandervoort et al. (1992) also tested for ankle dorsiflexion strength, and this
function decreased about 30% between the middle-aged and older groups (p <.001).
The authors conjectured that these differences in dorsiflexion strength were directly
related to the lower active-ROM values in the older participants. These findings are
in agreement with those of one study of passive ankle-dorsiflexion ROM that also
compared two age groups of women (20-32 years and 59-75 years) using a
Leighton gravity flexometer (Hubley-Kozey et al., 1995). The study used only 43
participants but reported a 29% difference (p < .02) between the two age groups
(20.7+5.5° for younger, 14.7+5.9° for older). Another study of 55 men and women
age 60-71 years reported even lower ankle ROM, with plantar flexion averaging
38° and dorsiflexion only 8° (Brown & Holloszy, 1991).

Several cross-sectional studies with small sample sizes, high attrition rates,
or insufficient description of measurement techniques were not included in this
review because they might not be valid representations of the older population.
Definitive longitudinal studies of chronological aging influences on ROM in the

Table 10 Ankle Dorsiflexion (°) by Gender
and Age Group (N = 214)

Age group (years) Men Women
55-60 20.0 £ 4.0 20.7 £ 4.8
61-65 194 £ 3.6 13.8 £ 3.8
66-70 15.7 £ 2.1 12/0/45.5
71-75 13.8 £ 3.5 123 + 3.6
76-80 13.1 £ 4.1 10.8 + 4.8
81-85 135 + 4.1 10.1 £5.2

Note. Effects for sex and age group were significant
(p < .001). Adapted from Vandervoort et al., 1992.
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major joints are lacking (ACSM, 1998b). The absence of such long-term data makes
it difficult to critically determine the proportionate influences of physical activity
versus sedentary lifestyle (disuse) on the cross-sectional observed age-related
losses of ROM.

Flexibility-Training Investigations

Studies designed to improve joint ROM can be classified into two groups: general-
exercise interventions (various combinations of calisthenics, aerobics, and strength
training) and specific flexibility interventions (limited to stretch-training proto-
cols). A brief review of both categories is provided with reference to older adults.

GENERAL-EXERCISE INTERVENTIONS

General-exercise interventions can be categorized into the following areas: dance/
calisthenics, general fitness, calisthenics/stretch, water aerobics, aerobic/strength,
and Tai Chi. Any attempt to generalize from the use of general-exercise condition-
ing is complicated by the fact that many such studies included strefching-type
activities as part of their training regimen. Therefore, the independent training
effects of the aerobic or strength conditioning on ROM changes cannot be well
established (Hurley & Hagberg, 1998). Several studies that included only older
participants are reviewed here.

Dance/Calisthenics. One of the better designed studies to test the influence
of a general-exercise dance program on multiple ROM for six joints was reported
in 1981 (Munns). Forty volunteer participants ranging in age from 65 to 88 years
(M =71.8) were assigned to either a control or an exercise group. The 20 exercise
participants completed a general-exercise/dance routine in sitting, standing, and
lying positions for | hr three times per week. All activity was specifically designed
to enhance maximum ROM of all joints. After 12 weeks the following improve-
ments in ROM (measured with a Leighton gravity goniometer) were reported:
cervical flexion/extension 27.8%, shoulder abduction/adduction 8.3%, wrist flex-
ion/extension 12.8%, trunk flexion/extension 26.9%, knee flexion/extension 11.6%,
and ankle plantar/dorsiflexion 48.3%. All joint improvements as compared with
controls were significant (p <.001), with controls showing decrements of 3.6-5.1%
on six joint-ROM measures. The authors of this study did not indicate the gender
of the 40 elderly participants.

Rikli and Edwards (1991) followed 21 women (57-85 years of age) over 3
years of an exercise intervention, The women participated in low-impact aerobic-
dance-type routines designed to meet all of the ACSM exercise guidelines (ACSM,
1995) three times per week for approximately 1 hr per session. Shoulder ROM as
measured by the back-scratch test improved by 0.22 ¢m (p < .01). The sit-and-reach
measure for low back and hamstring flexibility improved by 1.4 cm at study
completion but did not reach significance.

General Fitness. A popular fitness program for older adults termed
“elderobics” was used twice weekly over a 2-year period to determine ROM
changes in 22 women (67.0 £ 4.7 years old; Hubley-Kozey et al., 1995). The 1-hr
sessions included a warm-up of low-intensity activity and stretching, aerobic walk-
ing and marching and unspecified strength activities, and a cool-down relaxation
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Table 11 Joint ROM (°) Before and After Two Years
of Exercise (N = 22 Women)

Measure Initial 24 months
Hip flexion 89.7 £ 9.5 995 £ 12.8
Knee flexion 1141 £ 59 1231 * 7.3%
Ankle dorsiflexion 14.7 £ 59 19.1 £ 45

Note. Adapted from Hubley-Kozey et al.. 1995.
#p < 025.

period. Pre- and posttraining ROM values are exhibited in Table 11. The exercise-
intervention improvements in joint ROM for hip flexion (7%), knee flexion (7.8%),
and ankle dorsiflexion (29%) were impressive. It should be noted that 10 of the
women had initial preintervention dorsiflexion-ROM values less than 10°. By study
conclusion, all of them exceeded the average dorsiflexion angular-displacement
standard of 12° established by biomechanical analysis of level walking (Winter,
Patla, Frank, & Watt, 1990).

Calisthenics/Stretch. A low-intensity exercise program that combined con-
ventional slow stretching procedures with calisthenics was designed to improve
general strength, muscle endurance, and flexibility in 55 men and women ranging
in age from 60 to 71 years (Brown & Holloszy, 1991). The supervised exercise
program lasted for 1 hr per session over a 3-month period, with compliance
averaging 4.7 days per week. All activities were designed to gradually improve
strength (without overload resistance), muscle endurance (repetitions were gradu-
ally increased to a maximum of 12), and flexibility (all movements emphasized
maximum ROM). Results showed significant improvement (p < .05) in sit-and-
reach (6.4 cm), hamstring (8°), and hip internal rotation (8°), and passive hip-flexor
stiffness (resting hip flexion) was reduced from preintervention (~14°) to post-
intervention (9°). Ankle plantar flexion and dorsiflexion were unchanged.

Water Aerobics. Water-based aerobics was compared with land-based low-
impact aerobic dance in a group of women 65-75 years old. The 45-min exercise
sessions were conducted three times per week for 12 weeks (Taunton et al., 1996).
Preintervention and postintervention trunk flexion measured by a standard sit-and-
reach test showed virtually no change, even though 7 min of each training session
were devoted to balance and flexibility activities (which were not described in any
detail).

Aerobics/Strength. Morey et al. (1991) examined the effects of 2 years of
supervised exercise (three times per week for 90 min) with 36 men 65-74 years of
age. Exercise training consisted of a combination of stretching, calisthenics,
stationary cycling, and strength activities (dumbbells and hydraulic resistance
machines). Hamstring ROM measured by protractor goniometry improved 11%
(from 57.5° % 15.1t0 64.0° £ 11.1; p < .02).
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Tai Chi. A more recent and innovative study examined the influence of 12
months of Tai Chi training (average attendance 1.3 sessions per week) on several
fitness parameters with 18 men and women 58-70 years of age (Lan, Lai, Chen, &
Wong, 1998). The mean increase (21%) in trunk (spinal) flexion of 11.0° measured
with an electronic goniometer was significantly different (p < .001) from controls,
who actually showed a small decrease in the same ROM.

Strength Training.  The research issue of using overload strength training to
improve flexibility for any age group is unresolved, particularly for older partici-
pants (ACSM, 1998b; Hurley & Hagberg, 1998). Much of the dilemma in sorting
out the various study results is a result of inclusion of stretching activities in the
warm-up component of the strength-training regimens, thus making it impossible
to determine specificity of training effects. In addition, control conditions for the
ROM variables were often lacking because the primary focus of these studies was
on strength changes. Studies conducted with younger participants, however,
generally support the contention that strength-training programs that emphasized
complete ROM during overload execution did not have any deleterious effects on
flexibility and, in some cases, actually showed small gains (Adams, O’Shea, &
O’Shea, 1999; Alter, 1996; Wilmore et al.. 1978).

One study partially addressed this strength-training research issue with older
adults. Forty-six women, age 65-87 years, were randomly assigned to an aerobic
program with light ankle and wrist weights, an aerobic program with no wei ghts, or
acontrol group (Raab, Agre, McAdam, & Smith, 1988). After 25 weeks of exercise
(three times per week for 60 min), there were significant improvements in goniom-
etry measures of ankle plantar flexion and shoulder flexion and abduction for both
exercise groups as compared with the controls. The only difference between the two
exercise groups was a twofold greater increase in shoulder abduction (11.8° vs.
4.8°) for the non-weight-users. Unfortunately, many of the exercise routines used
by both groups included deliberate, active and passive stretching-type maneuvers,
thereby confounding the interpretation of results from a specificity perspective.
Because strength training plays such a critical role in improving and maintaining
physical functions in the elderly, there is a need to determine the precise interactive
effects of overload training with alterations in ROM.,

SPECIFIC FLEXIBILITY INTERVENTIONS

There are very limited studies of isolated stretching interventions with older
populations (ACSM, 1998b). Therefore, the few available studies are provided in
some detail following.

Stretch/Balance.  The earliest reported study of specialized stretching meth-
ods toimprove ROM in 15 older women (71-91 years) was conducted with nursing-
home residents (Frekany & Leslie, 1975). Stretching and balance-training sessions
lasted for 30 min twice a week for 7 months. Exercises were selected to improve
flexibility in the upper and lower extremities, including the ankles and feet, as well
as the vertebral column and chest. Less emphasis was given to activities (unspeci-
fied) for improving muscle tone and balance. Measures of low back/hamstring
ROM (sit and reach) and ankle flexibility (degrees difference between maximum
dorsiflexion and plantar flexion) improved significantly. Low back/hamstring
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ROM improved 1.0 in. (p < .01), and ankle flexibility, 8.8° (p < .05). Test-retest
reliability was reported for the sit-and-reach, .98 (pre) and .99 (post), but not for
ankle testing. Only mean measurement values were reported, so no estimations of
variability could be analyzed.

Rhythmic Stretch.  Another study of specificity stretching effects was con-
ducted with 8 men and 22 women ranging in age from 61 to 85 years (75 + 8.0;
Lesser, 1978). These volunteers participated in 30-min sessions of rhythmic
exercise twice per week for 10 weeks. The activity routines were completed in a
seated or standing position and were designed to maximize ROM in all the major
joints. They included approximately 10 min of individual stretching for all body
joints, followed by 20 min of routines stressing posture and breathing, as well as
ballistic arm swings, leg kicks, and full-body bend stretches. The author reported
statistically significant improvement in degrees of ROM (p < .05) for shoulder
flexion, elbow flexion, wrist flexion/extension, hip extension, knee flexion, and
ankle plantar/dorsiflexion. No changes in ROM occurred for hip flexion, knee
extension, and shoulder extension. The study results were presented subjectively
without pre—post means or variability measures.

An excellent research design was used to determine the effects of 7 months
of seated and standing calisthenics-type rhythmic ROM movements to musical
accompaniment on spinal flexion, knee flexion, and knee extension in frail nursing-
home patients (McMurdo & Rennie, 1993). Forty-nine resident volunteers age 64—
91 years were assigned to either exercise or control. Participants engaged in twice-
weekly exercise sessions of 45 min duration. The sitting movement protocols were
designed to achieve full ROM of the upper and lower limbs. As the study
progressed, repetitions were increased with fewer rest intervals, At completion of
the study, exercise patients showed no change in knee flexion/extension ROM
(degrees), but spinal flexion (measured linearly) improved by 7% (p < .001). Also,
scores for grip strength, chair-to-stand time, ADL (Barthel Index), and self-ratings
of depression all showed significant improvement.

Stretch Only. Only two studies were identified that used a purely active
stretch-training intervention with some older participants. A volunteer group of 30
men and women (20-60 years of age) was divided into equal groups for experimen-
tal or control (no exercise; Germain & Blair, 1983). Experimental participants
underwent daily stretch sessions of seven-repetition shoulder flexion for 4 weeks.
No indication of stretch duration was provided. Pre—post measures of shoulder
flexion by the same investigator showed an increase of 5.61 £ 6.05° in the exercise
group, and the between-groups difference was significant (p < .05). The authors
reported no gender-specific data, but it should be noted that the mean ages of the
experimental and control groups were 34.4 and 34.8 years, respectively (no SDs
were listed).

A very well-controlled examination of specialized stretch training was
conducted with a group of 20 elderly women (71.8 years) who were assigned to
either a control or an experimental group (stretch training) for 10 weeks (Rider &
Daly, 1991). Supervised flexibility training (3 days/week) consisted of sit-and-
reach maneuvers, knee tucks to the chest (supine), pelvic lifts (supine), and back-
extension excursions (prone). All stretches were held for 10 s with three repetitions,
and training sessions lasted from 30 to 40 min. Pretraining to posttraining improve-
ments for spinal flexion (sit-and-reach test) and extension (prone hyperextension)
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of 4.21 em (25%) and 7.17 cm (40%), respectively, were significant (p < .05), as
contrasted with controls, who demonstrated little or no improvement.

Findings and Discussion

This review included 19 sets of cross-sectional data that compared younger and
older adults’ joint ROM, some of which analyzed gender distinctions. In addition,
the literature relating ROM with physical functions of older adults was summarized.
The last section of this review contrasted eight studies of general-exercise interven-
tion with five studies of specialized stretch intervention, all directed at elderly
populations. Based on analysis of the findings of these investigations and the related
synopsis of aging-physiology literature as it relates to human-joint ROM, the
following findings are warranted.

Multidimensional mechanisms of musculoskeletal and soft-tissue modifica-
tions related to aging processes contribute to significant decrements in neuromus-
cular function and joint ROM. These modifications are directly related to the
development of postural syndromes, physical impairments, and related changes in
physical functions, mobility, and QOL. These degenerative aging changes are
exacerbated by disuse and the increased incidence of osteoporosis, osteoarthritis,
and arthrosclerosis (joint stiffness) among older adults.

Significant decreases in joint ROM appear to be associated with increases in
chronological age. Apparently, however, there are some joint-specific factors
operative in this regard. If cross-sectional data are truly reflective of aging-related
changes, spinal extension decreases about 50% between the second and seventh
decades (Einkaufetal., 1987), whereas hi p extension decreases about 20% and knee
flexion only 2% during the same general time frame (Roach & Miles, 1991).
Comparatively, shoulder flexion decreases 25% from peak ROM at about 10 years
of age to the age of 70 (Germain & Blair, 1983). These decrements in age-related
flexibility are difficult to interpret because of the lack of information regarding their
interactive effects with the observed proclivity for being sedentary of older adults.

One study attempted to associate levels of physical activity (questionnaire on
frequency and duration of leisure activities) and 28 ROM measures in the upper and
lower extremities of 60 men and women age 6084 years (Walker et al., 1994). No
significant differences in ROM were found between participants with self-reported
high activity levels and those with low activity levels. Also, the differential findings
regarding proportional changes in ROM with aging might to some extent reflect
participant-selection bias. With few exceptions, the cross-sectional studies that
were reviewed did not use random methods, and oftentimes volunteer participants
were recruited from community senior centers. Until longitudinal research has been
conducted attempting to link periodic assessment of physical activity levels with
aging-related changes in joint ROM, no clear predictions can be made regarding the
precise relationship between flexibility and chronological age. Nonetheless, the
preponderance of evidence suggests that the general adult population will, on
average, experience aging-related loss of joint ROM that will affect to some degree
their physical functioning.

The variability in older adult ROM is high, as it is with younger populations,
and presumably reflects the recognized individualization of the aging processes, as
well as disuse and other lifestyle differences. For example, at age 50 the standard
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deviation formen’s and women’s shoulder flexion is 7.22°, which by age 70is 16.9°
(Germain & Blair, 1983). Women's ankle dorsiflexion, which is critical for
maintaining normal walking gait, decreases 50% from the fifth to the eighth decade
(Vandervoort et al., 1992), but closer examination reveals that for these women in
their 80s, the mean dorsiflexion value of only 10.1° has a standard deviation of 5.2,
Analyses of normal-gait walking in older adults suggest that about 12° of dorsiflex-
ion is necessary for efficient locomotion (Winter et al., 1990). More in-depth
research is required to explain these large variances and determine appropriate
intervention programs for the most inflexible of these adults.

There are significant gender differences for major-joint ROM, with women
registering better performance in almost all age-group studies. These gender
differences are quite apparent in the cross-sectional studies of hamstring (sit-and-
reach) and general shoulder ROM (scratch test; Golding , 1997; Osnessetal., 1 996;
Rikli & Jones, 1999b). Nonetheless, these differences appear to be somewhat modu-
lated in the older age groups. For example, ankle dorsiflexion is slightly higher for
women at age 60, but thereafter the rate of decline in ROM is much higher, so that
by age 76 this measure is 17% higher for men than for women (Vandervoort et al.,
1992). Also, by age 65 men’s shoulder abduction is significantly better than that of
their female counterparts, and this difference is manifested beyond 75 years of age
(Bassey et al., 1989). More research is needed with older adults to reveal what
discrete lifestyle-pattern changes might be involved in these gender-specific ROM
modifications. It does not seem plausible that purely aging-related gender differ-
ences are responsible for these discrepancies.

Decreased joint ROM is significantly involved in the development of muscu-
loskeletal impairments and the progression of disabilities among the elderly.
Undoubtedly, these flexibility changes are closely related to parallel loss of muscle
strength, but this relationship has not been adequately studied. The study of arthritis
patients by Badley et al. (1984) clearly defined the minimal ROM for both upper and
lower extremities required for this population to execute basic ADL activities.
Young (1986) also defined the functional shoulder-abduction/-adduction ROM
critical for basic ADL performance by healthy older adults. More such studies are
needed with elderly participants for clinical reference and to determine when
intervention modalities are required. The most widely used orthopedic standards for
all human-joint ROM are not age corrected and probably useful only as general
references for clinical evaluation of the elderly (Cole, 1971; Heck et al., 1965;
Norkin, 1985: Russe & Gerhardt, 1975). A 5-year study of changes in musculo-
skeletal function and subsequent risk for eventual disablement clearly showed that
decrements in hand-ROM functions are closely related to reductions in basic ADL
function (Jette et al., 1990). This finding probably reflects the fine motor coordina-
tion required for many of the basic ADL such as eating, bathing, and dressing. In
contrast, progressive loss of instrumental ADL was associated with decrements in
lower extremity ROM and strength. The latter finding most likely reflects the
important role of the legs in arduous activities such as shopping, housekeeping, and
driving. Results of this study were interpreted as showing that functional limita-
tions (musculoskeletal impairments) precede the onset of disability, and not the
other way around.

Morey et al. (1998) demonstrated the significant correlation of cardiorespi-
ratory endurance (VO, ), strength (ankle dorsiflexion and hip abduction), and

2max
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flexibility (shoulder flexion, cervical flexion/extension/rotation, and spinal axial
rotation) with self-report measures of difficulty with instrumental or advanced
ADL, health and fall susceptibility, and a timed bed-mobility test. This study
involved 161 older adults (72.5 + 5.1 years), and it was concluded that low fitness
(which included specific-joint ROM) is a risk factor for functional decline,
independent of disease processes. Credibility was added to these findings by the
assessment of frail nursing-home residents whose composite scores for 12 upper
and lower extremity ROM measures were significantly correlated (r=.74, p<.001)
with clinical ratings of physical disability (Physical Disability Index; Gerety et al.,
1993).

The most widely used functional fitness tests for older adults have provided
very useful information regarding elderly ROM (Kim & Tanaka, 1995: Osness et
al., 1996; Rikli & Jones, 1999b; Tanaka et al., 2000), and they have correlated these
measures as part of a test battery with a variety of indices of physical function and
life satisfaction. Most of these data, however, are oriented to low back-/hamstring-
and general shoulder-ROM measures and to a lesser extent trunk extension. This
review has delineated the need for a broader approach to include specific-joint
measures that are directly related to basic and higher levels of physical function and
mobility. This should include shoulder abduction/adduction, which needs to be
maintained at a functional range of approximately 70-120° (Young, 1986). The
critical role of ankle-dorsiflexion ROM (minimal threshold about 12°) and strength
dictates the inclusion of this simple measure in routine evaluation of older adults’
flexibility (Vandervoort et al., 1992; Winter et al., 1990). Because manipulative
skills are required for many basic and instrumental ADL, better definition of wrist-,
interphalangeal-, and metacarpophalangeal-ROM standards are needed (Badley et
al., 1984; Jette et al., 1990).

In addition, much more attention needs to be directed at multiple measures of
spinal and cervical ROM because of the high incidence of osteoarthritic and
osteoporotic vertebral degeneration in older adults (Lindsey, 1998; Meisel &
Bullough, 1984; Moskowitz, 1989). Several good research efforts have docu-
mented the significant decrease in both cervical- and spinal-ROM measures with
aging—as much as 50% loss in spinal extension (Bell & Hoshizaki, 1981; Einkauf
et al., 1987; Kuhlman, 1993). Morey et al. (1998) demonstrated the high factor
loading of three cervical-ROM and spinal-axial-rotation (summary measure of left
and right) measures with longitudinal development of physical disabilities. Loss of
hip-extension ROM might be a significant factor in the shorter stride length, gait
modifications, and reduced walking efficiency (mobility) of older adults (Murray
etal., 1972; Winter, 1995). If the 50% reduction in hip extension between the third
and sixth decades reported by Roach and Miles (1991) is a reasonable prediction,
flexibility-intervention programs for the elderly should address this problem.
Because the same researchers showed only a minimal difference in knee flexion
between younger and older adults, this measure might not be as important. The
exception would be adults with knee pathology, because toileting and going up and
down stairs require a knee-flexion range of 70-110° (Badley et al., 1984).

Exercise-intervention studies that included various combinations of aerobic
endurance, strength training, and specific stretch programs generally demonstrated
quite positive effects on older adults’ joint ROM, physical function, and QOL,
including in the frail elderly (Frekany & Leslie, 1975; McMurdo & Rennie, 1993).
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No investigations were identified that used a conventional strength overload-
training program without some inclusion of ROM stretching activities. Thus, the
potential benefits of such an intervention program to improve both strength and
ROM in older adults are unknown. Because the general values of strength training
for developing and maintaining physical well-being for older adults are widely
recognized (Spirduso, 1995), sucharesearch effort would be logical and significant.
We hope that this article will generate interest in the pioneer study of well-controlied
multiple-exercise interventions designed to improve older adult and frail elderly
ROM. These research efforts should include specialized stretch protocols. New
research efforts are needed to explore the use of stretch intervention with middle-
aged and young-old populations to determine the potential preventive influences on
age-related loss of joint ROM. This article did not include an analysis of the dis-
parate ROM-measurement and flexibility-training regimens used with older adults.

Concluding Remarks

The results of cross-sectional research support the supposition that significant loss
of joint ROM occurs between young adulthood and middle to old age, although no
causal relationship has been established. The absence of longitudinal research
preciudes any determination of the differential influences of disuse syndrome
versus purely aging-related changes in joint ROM. Aging-related changes in mus-
culoskeletal tissue, as well as increased incidence of joint pathology, negatively
affect joint extensibility and stiffness. Decreased flexibility in multiple anatomical
sites is involved in the etiology of physical impairments and related disabilities
among older adults. More specific measures of spinal and upper and lower
extremity ROM are needed to delineate the minimal thresholds of movement re-
quired for ADL and maintenance of optimal mobility. The very limited research
efforts on improving the general flexibility of older adults using specialized stretch
protocols have produced small but encouraging results. Well-controlled studies of
various exercise-intervention modalities should be initiated to specifically dis-
criminate ROM versus strength or aerobic improvements in older adults, including
the dependent frail elderly.

Acknowledgments

This research review was supported by Tanaka Project of Tsukuba Advanced Research
Alliance (TARA), University of Tsukuba. The authors are all associated with the
TARA Overall Quality of Life aging-research project, of which Kiyoji Tanaka is
project leader for the Human Beings in the Ecosystem. Holland is also professor
emeritus, Department of Kinesiology, California State University, Northridge.

References

Adams, K., O’Shea, P., & O’Shea, K.L. (1999). Aging: Its effects on strength, power,
flexibility, and bone density. Strength and Conditioning Journal, 21(2), 65-77.

Akeson, W.H., Amiel, D., & Woo, S. (1980). Immobility effects on synovial joints, the
pathomechanics of joint contracture. Biorheology, 17( 1/2), 95-110.



Flexibility and Physical Functions + 199

Alnageeb, M.A., Al-Zaid, N.S., & Goldspink, G. (1984). Connective tissue changes and
physical properties of developing and aging skeletal muscle. Journal of Anatomy,
139(4), 677-689.

Alter, M.J. (1996). Science of flexibility. Champaign, IL: Human Kinetics.

American College of Sports Medicine. (1995). Guidelines for exercise testing and prescrip-
tion. Baltimore: Williams & Wilkins.

American College of Sports Medicine. (1998a). ACSM fitness book. Champaign, IL: Human
Kinetics.

American College of Sports Medicine. (1998b). Position stand on exercise and physical
activity for older adults. Medicine and Science in Sports and Exercise, 30(6), 992-
1008.

Arking, R. (1991). Biology of aging, observations and principles. Englewood Cliffs, NJ:
Prentice Hall.

Badley, EM., Wagstaff, S., & Wood, P.H.N. (1984). Measures of functional ability
(disability) in arthritis in relation to impairment of joint motion. Annals of Rheumatic
Disease, 43, 563-569.

Barnett, C.H., & Cobbold, A.F. (1969). Muscle tension and joint mobility. Annals of
Rheumatic Disease, 28(6), 247-250.

Bassey, E.J., Bendall, M.J., & Pearson, M. (1988). Muscle strength in the triceps surae and
objectively measured customary walking activity in men and women over 65 years of
age. Clinical Science, 74, 85-89.

Bassey, E.J., Morgan, K., Dallosso, HM., & Ebrahim, S.B.J. (1989). Flexibility of the
shoulder joint measured as a range of abduction in a large representative sample of
men and women over 63 years of age. European Journal of Applied Physiology, 58,
353-360.

Bechtol, C.0. (1980). Biomechanics of the shoulder. Clinical Orthopaedics, 146, 37-41,

Beighton, P., Graham, R., & Bird, H. (1983). Hypermability of joints. Berlin: Springer-
Verlag.

Bell, R., & Hoshizaki, T. (1981). Relationships of age and sex with joint range of motion of
seventeen joint actions in humans. Canadian Journal of Applied Sport Sciences, 6,
202-206.

Bergstrom, G., Anianson, A., Bjelle, A., Grimby, G., Lundgren-Lidquist, B., & Svanborg,
A. (1985). Functional consequences of joint impairment at age 79. Seandinavian
Journal of Rehabilitation Medicine, 17, 183-190.

Bertolasi, L., DeGrandis, D., Bongiovanni, L.G., Zanetta, G.P., & Casperini, M. (1993). The
influence of muscular lengthening on cramps. Annals of Neurology, 33(2), 176-180.

Bick, E.M. (1961). Aging in the connective tissue of the human musculoskeletal system.
Geriatrics, 16(9), 448-453,

Blanpied, P., & Smidt, G.L. (1993). The difference in stiffness of the active plantar-flexors
between young and elderly human females. Journal of Gerontology, 48, M58-MG63.

Blumenthal, J.A., Emery, C.F., Madden, D.J., George, L.K., Coleman, R.E., Riddle, M.W_.
Mckee, D.C., Reasoner, J., & Williams, R.S. (1989). Cardiovascular and behavioral
effects of aerobic exercise training in healthy older men and women. Journal af
Gerontology, 46, 352-361.

Borenstein, D.G., & Burton, J.R. (1993). Lumbar spine disease in the elderly. Journal of the
American Geriatric Society, 41(2), 167-175.

Borkan, G.A., & Norris, A.H. (1980). Assessment of biological age using aprofile of physical
parameters. Journal of Gerontalogy, 35, 177-184.



200 « Holland et al.

Bortz, W.M. (1982). Disuse and aging. Journal of the American Medical Association, 248,
1203-1208.

Brown, M., & Holloszy, J.O. (1991). Effects of a low intensity exercise program on selected
physical performance characteristics of 6071 year olds. Aging, 3. 129-139.

Caillet, R. (1994). Low back pain syndrome. Philadelphia: F.A. Davis.

Caillet, R. (1995). Shoulder pain. Philadelphia: F.A. Davis.

Casperson, C.J., Powell, K.E., & Christenson, G.M. (1985). Physical activity, exercise, and
physical fitness, definitions and distinctions for health related research. Public Health
Reports, 100, 126-131.

Chapman, E.A., deVries, H.A., & Swezey, R. (1972). Joint stiffness: Effects of exercise on
young and old men. Journal of Gerontology, 27(2), 218-221.

Chesworth, B.M., & Vandervoort, A.A. (1989). Age and passive ankle stiffness in healthy
women. Physical Therapy, 69, 217-224.

Chodzko-Zajko, W.1. (1996). The physiology of aging, structural changes and functional
consequences. Quest, 48, 311-329.

Chodzko-Zajko, W.J., & Ringel, R.L. (1987). Physiological fitness measures and sensory
and motor performance in aging. Experimental Gerontology, 22, 317-328.

Cole, T.M. (1971). Goniometry, the measurement of joint motion. In F.H. Krusen, F.J.
Kottke, & P.M. Ellwood (Eds.), Handbook of physical medicine and rehabilitation
(pp. 40-44). Philadelphia: Saunders.

Cress, M.E.. Buchner, D.M., Questad, K.A., Esselman, P.C., deLateur, B.J., & Schwartz,
R.S.(1999). Exercise effects on physical functional performance in independent older
adults. Journal of Gerontology, Medical Sciences, 54A(5), M242-M248.

DiPietro, L. (1996). The epidemiology of physical activity and physical function in older
people. Medicine and Science in Sports and Exercise, 28(5). 596-600.

Donatelli, R., & Owens-Burkhart, H. (1981). Effects of immobilization on the extensibility
of periarticular connective tissue. Journal of Orthopedic and Sports Physical Therapy,
3(2), 67-72.

Dubina, T.L.. Mints, A.Y.. & Zhuk, E.V. (1984). Biological age and its estimation, IIL
Introduction of a correction to the multiple regression model of biological age and
assessment of biological age in cross-sectional and longitudinal studies. Experimental
Gerontology, 19, 133-143,

Einkauf, D.K., Gohdes, M.L., Jensen, G.M., & Jewell, M.J. (1987). Changes in spinal
mobility with increasing age in women. Physical Therapy, 67, 370-375.

Elliott, D.H. (1965). Structure and function of mammalian tendon. Biological Reviews.
40(3), 392-421.

Evans, W.J. (1995). What is sarcopenia? Journal of Gerontology, SDA. 5-8.

Evans, W.J. (1999). Exercise training guidelines for the elderly. Medicine and Science in
Sports and Exercise, 31(1), 12-17.

Evans, W.J., & Cyr-Campbell, D. (1997). Nutrition, exercise and healthy aging. Journal of
the American Dietetic Association, 97, 632-638.

Fiatarone, M.A., Marks, E.C., Ryan, N.D., Meredith, C.N., Lipsitz, L.A., & Evans, W.J.
(1990). High intensity strength training in nonagenarians, effects on skeletal muscle.
Journal of the American Medical Association, 263, 3029-3034.

Fillenbaum, G.G. ( 1988). Multi-dimensional functional assessment of older adults. Hillsdale,
NIJ: Lawrence Erlbanm.

Fitts, R.H. (1981). Aging and skeletal muscle. In E.L. Smith & R.C. Serfass (Eds.), Exercise
and aging, the scientific basis (pp. 31-44). Hillside, NJ: Enslow.



Flexibility and Physical Functions = 201

Fleckenstein, S.J., Kirby, R.L.. & MacLeod, D.A. (1988). Effects of limited knee-flexion
range on peak hip moments of force while transferring from sitting to standing. Jour-
nal of Biomechanics, 21, 915-918.

Franks, B.D. (1989). Youth fitness test manual. Champaign, IL: Human Kinetics.

Frekany, G.A., & Leslie, D.K. (1975). Effects of an exercise program on selected flexibility
measurements of senior citizens. Gerontologist, 15(2), 182-183.

Gabbard, C., & Tandy, R. (1988). Body composition and flexibility among prepubescent
males and females. Journal of Human Movement Studies, 14(4), 153-159.

Gerety, M.B., Mulrow, M.R., Tuley, M.R., Huzuda, H., Lichenstein, J.M., O'Neil, M.,
Gorton, A., & Bohannon. R. (1993). Development and validation of a physical
performance instrument for the functionally impaired elderly, the Physical Disability
Index (PDI). Journal of Gerontology, Medical Sciences, 48, M33-M38.

Germain, N., & Blair, S. (1983). Variability of shoulder flexion with age, activity and sex.
American Corrective Therapy Journal, 37, 156-160.

Gillette, T, & Holland, G.J. (1991). Relationship of body core temperature and warm-up to
hamstring range of motion. Journal of Orthopedics and Sports Physical Therapy,
13(3), 126-131.

Golding, L.A. (1997). Flexibility, stretching and flexibility testing. ACSM Health and
Fitess Journal, 1(2), 17-38.

Golding, L.A., & Lindsay, A. (1989). Flexibility and age. Perspective, 15, 28-30,

Golding, L.A., Meyers, C.R., & Sinning, W.E. (1989). The Y's way to physical fitness.
Champaign, IL: Human Kinetics.

Gosline, J.M. (1976). The physical properties of elastic tissue. In D.A. Hull & D.S. Jackson
(Eds.), International review of connective tissue research (vol. 7, pp. 184-210. New
York: Academic Press.

Granger, C.V., Albrecht, G.L., & Hamilton, B.B. (1979). Outcome of comprehensive
medical rehabilitation measurements by PULSES profile and Barthel Index. Archives
of Physical Medicine and Rehabilitation, 60, 145-154.

Green, H.J. (1986). Characteristics of aging human skeletal muscle. In I.R. Sutton & R.M.
Brock (Eds.), Sports medicine for the mature athlete (pp. 17-26). Indianapolis:
Benchmark.

Grob, D. (1983). Common disorders of muscle in the aged. In W. Reichel (Ed.), Clinical
aspects of aging (pp. 329-343). Baltimore: Williams & Wilkins.

Gross, 1. (1961). Collagen. Scientific American, 204(5), 120-133.

Gross, 1., Fetto, ., & Rosen, E. (1996). Musculoskeletal examination. Cambridge: Blackwell
Science.

Guralnik, J.M., LaCroix, A.Z., Abbott, R.D., Berkman, L.F., Satterfield, S., Evans, D.A., &
Wallace, R.B. (1993). Maintaining mobility in later life; Demographic characteristics
and chronic conditions. American Journal of Epidemiology, 127, 845-857.

Gutmann, E. (1977). Muscle. In V. Nostrand (Ed.), Handbook of the biology of aging (pp.
445-469). New York: Reinhold.

Heck, C.V., Henderson, LE., & Rowe, C.R. (1965). Joint motion, method of measuring and
recording. American Academy of Orthopedic Surgeons. New York: Churchill Living-
stone,

Holcomb, D., Lyle, R.M., Hyner, G.C., Hawkins, I., Sterling, S., Herd, D.M., & Pawlik, D.
(1999). The relationship between age, body mass index, functional performance, and
quality of life in elderly men and women in the Midwest: The Purdue LifeSpan Project
[abstract]. Journal of Aging and Physical Activity, 7(3), 287-288.



202 + Holland et al.

Holland, G.J. (1968). The physiology of flexibility, a review of the literature. Kinesiology
Review, 1, 49-62.

Holland, G.J.. & Davis, E.C. (1975). Values of physical activity. Dubuque, IA: Brown.

Hubley-Kozey, C L., Wall, ].C., & Hogan, D.B. (1995). Effects of a general exercise program
on passive hip, knee, and ankle range of motion of older women. Topics in Geriatric
Rehabilitation, 10, 33-44.

Hurley, B.F., & Hagberg, ].M. (1998). Optimizing health inolder persons, aerobicor strength
training. Exercise and Sport Science Reviews, 26, 61-89.

Jebens. E.H.. & Monk-Jones, M.E. (1959). On the viscosity and pH of synovial fluid and pH
of blood. Journal of Bone and Joint Surgery, 418, 388-390.

Jenkins, R.I., & Little, R.W. (1974). A constituent equation for parallel-fibered elastic tissue.
Journal of Biomechanics, 7(5) 397-402.

Jette, AM., Branch, L.G., & Berlin, I. (1990). Musculoskeletal impairments and physical
disablement among the aged. Journal of Gerontology, 45, M203-M208.

Johns, R.J., & Wright, V. (1962). Relative importance of various tissues in joint stiffness.
Journal of Applied Physiology, 17, 824-828.

Jones, C.1.. Rose, D.J., & Newsome, D. (1999). Comparison of functional fitness status of
physically frail and independent older women [abstract]. Journal of Aging and
Physical Activity, 7(3), 333.

Kim, H.S., & Tanaka, K. (1995). The assessment of functional age using *Activities of Daily
Living” performance tests, a study of Korean women. Journal of Aging and Physical
Activity, 3(1), 39-53.

Kligman, E.-W., Hewitt, M.J., & Crowell, D.L. (1999). Recommending exercise to healthy
older adults, the pre-participation evaluation and prescription. Physician and Sports
Medicine, 27(11), 42-62.

Kovanen, V., & Suominen, H. (1987). Effects of age and life-time physical training on fibre
composition of slow and fast skeletal muscle in rats. Pflugers A rchives, 408, 543-551.

Kuhlman, K.A. (1993). Cervical range of motion in the elderly. Archives of Physical
Medicine and Rehabilitation, 74, 1071-1079.

Lan.C..Lai.J.S.,Chen, S.U., & Wong. M.K. (1998). 12 month Tai Chi training in the elderly,
its effects on health fitness. Medicine and Science in Sports and Exercise, 30(3) 345-
351.

Lee. M.S.. Matsuura, Y., & Tanaka, K. (1993). Assessment of physical fitness age in middle-
aged and elderly men. Japanese Journal of Physical Fitness and Sports Medicine, 42,
59-68.

Leighton, J.R. (1942). A simple, objective and reliable measurement of flexibility. Research
Quarterly, 13, 205-216.

Leighton, J.R. (1955). An instrument and technique for measurement of joint range of
motion. Archives of Physical Medicine, 361, 571-578.

Lesser, M. (1978). The effects of rhythmic exercise on the range of motion in older adults.
American Corrective Therapy Journal, 32, 118-122.

Lindsey, R. (1998). Biomechanical changes with age, implications for exercise. In W.H.
Osness (Ed.), Exercise and the older adult (pp. 14-34). Dubuque, 1A: Kendall/Hunt.

McFadyen, B.J., & Winter, D.A. (1988). An integrated biomechanical analysis of normal
stair ascent and descent. Journal of Biomechanics, 21, 733-744.

McKeown, F. (1965). Pathology of the aged. London: Butterworths.

McMurdo, M.E., & Rennie, L. (1993). A controlled trial of exercise by residents of old
people’s homes. Age and Ageing, 22, 11-15.



Flexibility and Physical Functions « 203

Meisel, A.D.. & Bullough, P.G. (1984). Atlas of osteoarthritis. Philadelphia: Lea &
Febiger.

Miotto, .M., Chodzko-Zajko, W.J., Reich, J.L., & Supler, M.M. (1999). Reliability and
validity of the Fullerton Functional Fitness Test: An independent replication study.
Journal of Aging and Physical Activiry, 7(4), 339-353,

Mobily, K.E., & Mobily, P.R. (1997). Reliability of the 60+ Functional Fitness Test battery
for older adults. Journal of Aging and Physical Activity, 5(2), 150-162.

Mohan, S., & Radha, E. (1981). Age related changes in muscle connective tissue: Acid
mucopolysaccharides and structural glycoprotein. Experimental Gerontology, 16(5),
385-392.

Morey, M.C., Cowper, P.A., Feussner, ].R., Dipasquale, R.C., Crowley, G.M., Samsa, G.P.,
& Sullivan, R.J. (1991). Two year trends in physical performance following super-
vised exercise among community-dwelling old veterans. Journal of the American
Geriatric Society, 39(10), 986-992.

Morey, M.C.. Pieper, C.F., & Cornoni-Huntley, ].C. (1998). Physical fitness and functional
limitations in community dwelling older adults. Medicine and Science in Sports and
Exercise, 30(5), 715-723.

Moskowitz, R.W. (1989). Clinical and laboratory findings in osteoarthritis. In D.J. McCartey
(Ed.), Arthritis and allied conditions (pp. 1605-1630). Philadelphia: Lea & Febiger.

Munns, K. (1981). Effects of exercise on the range of joint motion in elderly subjects. In E.L.
Smith & R.C. Serfass (Eds.), Exercise and aging, the scientific basis (pp. 167-168).
Short Hills, NJ: Enslow.

Murray, M.P., Kory, R.C., & Clarkson, B.H. (1972). Walking patterns in healthy old men.
Journal of Gerontology, 27(2), 169-178.

Nagi, 8.Z.(1976). An epidemiology of disability among adults in the United States. Milbank
Memorial Fund Quarterly, 54, 439-468.

Nakamura, E. A method for estimating biological vigor in humans. Manuscript submitted for
publication.

Nakamura, E., Moritani, T., & Kanetaka, A. (1989). Biological age versus physical fitness
age. European Journal of Applied Physiology, 58, 785-788.

Naumann, S., Ziv, I, & Rang, M.B. (1982). Biomechanics of standing from a chair. In Human
locomation I, proceedings of the second biannual conference of the Canadian Society
Jor Biomechanics. Kingston, Ontario: Canadian Society for Biomechanics.

Nigg, B.M., Fisher, V., Allinger, T.L., Ronsky, J.R., & Engsberg, J.R. (1992). Range of
motion of the foot as a function of age. Foor and Ankle, 13, 336-343.

Norkin, C.S. (1985). Measurement of joint motion, a guide to goniometry. Philadelphia:
Davis.

Novak, L.P. (1972). Aging, total body potassium, fat free mass, and cell mass in males and
females between ages 18 and 85 years. Journal of Gerontology, 27, 438-443.

Osness, W.H. (1998). Exercise and the older adult. Dubuque, TA: Kendall/Hunt.

Osness, W.H., Adrian, M., Clark, B., Hoeger, W., Rabb, D., & Wiswell, R. (1996). Func-
tional fitness assessment for adults over 60 years. Dubugque, 1A: Kendall/Hunt.

Patla, A.E., & Shumway-Cook, A.S. (1999). Dimensions of mobility: Definin g the complex-
ity and difficulty associated with community mobility. Journal of Aging and Physical
Activity, 7(1), 7-19.

Pratt, M., Macera, C.A., & Blanton, C. (1999). Levels of physical activity and inactivity in
children and adults in the United States: Current evidence and research issues.
Medicine and Science in Sports and Exercise, 30(5), $526-5533.



204 + Holland et al.

Raab, D.M., Agra, J.C., McAdam, M., & Smith, E.L. (1988). Light resistance and stretching
exercise in elderly women, effect on flexibility. Archives of Physical Rehabilitation,
69(4), 268-272.

Reuben, D.B., Laliberte, L., Hiris, J., & Mor, V. (1990). A hierarchical exercise scale to
measure function at the advanced activities of daily living (AADL) level. Journal of
the American Geriatric Society, 38, 855-861.

Rider, R.A., and Daly, J. (1991). Effects of flexibility training on enhancing spinal mobility
in older women. Journal of Sports Medicine and Physical Fitness, 31, 213-217.

Rikli, R.E., & Edwards, D.J. (1991). Effects of a 3 year exercise program on motor function
and cognitive speed in older women. Research Quarterly for Exercise and Sport,
62(1), 61-67.

Rikli, R.E., & Jones, C.J. (1999a). Development and validation of a functional fitness test for
community-residing older adults. Journal of Aging and Physical Activity, 7(2), 129-
161.

Rikli, R.E., & Jones, C.J. (1999b). Functional fitness normative scores for community-
residing older adults, ages 60-94. Journal of Aging and Physical Activity, 1(2). 162-
181.

Roach, K.E., & Miles, T.P. (1991). Normal hip and knee active range of motion. the
relationship to age. Physical Therapy, 70, 656-665.

Robergs, R.A.. & Roberts, 0.S. (1997). Exercise physiology. St. Louis: Mosby.

Rodenburg, J.B., Steenbeck, D., Schiereck, P., & Bar, P.R. (1994). Warm-up, stretching and
massage diminish harmful effects of eccentric exercise. International Journal of
Sports Medicine, 15(7), 414-419.

Rowe, J.W., & Kahn, R.L. (1997). Successful aging. Gerontologist, 37(4), 433-440.

Russe, O.A., & Gerhardt, J.J. (1975). ISOM international standard orthopedic measure-
ments, international SFTR method of measuring and recording joint motion. Bern,
Switzerland: Hans Huber.

Sapega. A.A., Quedenfeld, T.C.,Moyer, R.A., & Butler, R.A. (1981). Biophysical factors in
range of motion exercise. Physician and Sporismedicine, 9(12), 57-65.

Schenkman, M., Hughes, M.A., Bowden M.G., & Studenski, S.A. (1995). A clinical tool for
measuring functional axial rotation. Physiological Therapy. 75. 151-156.

Schubert, M., & Hammerman, D. (1968). A primer on connective tissue biochemistry.
Philadelphia: Lea & Febiger.

Sechrist, W.C., & Stull, G.A. (1969). Effects of mild activity, heat applications and cold
applications on range of joint movement. American Corrective Therapy Journal,
23(4), 120-123.

Segre, R. (1971). Senescence of the voice. Ear, Nose and Throat Monthly, 50, 223-233.

Sepic, S.B., Murray, M.P., Mollinger, L.A., Spurr, G.B., & Gardner, G.M. (1986). Strength
and range of motion in the ankle joint in two age groups of men and women. American
Journal of Physiological Medicine, 65, 75-84.

Shaulis, D., Golding, L.A., & Tandy, R.D. (1994). Reliability of the AAHPERD functional
fitness assessment across practice sessions in older men and women. Journal of Ag-
ing and Physical Activity, 2(3), 273-279.

Shephard, R.J. (1997). Aging, physical activity and health. Champaign, IL: Human Kinetics.

Shigematsu, R., Kim, H.K., Kim, H.S., & Tanaka, K. (1998). Reliability, and objectivity of
the test items to assess functional fitness required for performing activities of daily
living in older adult Japanese women. Japanese Journal of Physiological Anthropol-
ogy, 3, 13-18.



Flexibility and Physical Functions 205

Shigematsu, R., & Tanaka, K. (2000). Age scale for assessing functional fitness in older
Japanese ambulatory women. Aging, 12(4), 256-263.

Skinner, J.S. (1988). Biological, functional and chronological age. In W.W. Spirduso & H.M.
Eckert (Eds.), Physical activity and aging, the academy papers (pp. 65-68). Champaign,
IL: Human Kinetics,

Speechley, M., & Tinetti, M. (1990). Assessment of risk and prevention of falls among
elderly persons, role of the physiotherapist. Physiotherapy Canada, 42, 75-79.

Spirduso, W.W. (1995). Physical dimensions of aging. Champaign, IL: Human Kinetics.

Studenski, S., Duncan, P.W., & Chandler, J. (1991). Postural responses and effect factors in
persons with unexplained falls, results and methodological issues. Journal of the
American Geriatric Society, 39, 229-234.

Such, C.H., Unsworth, A., Wright, V., & Dowson, D. (1975). Quantitative study of stiffness
in the knee joint. Annals of Rheumatoid Disease, 34, 286-291.

Tanaka, K., Kim, H.S.. Yang, J.H., Shimamoto, H., Kokudo, S., & Nishijima, T. (1995).
Index of assessing functional status in elderly Japanese men. Applied Human Science,
14, 65-71.

Tanaka, K., Shigematsu, R., Nakagaichi, M., Kim, H., & Takeshima, N. (2000). The relation-
ship between functional fitness and coronary heart disease risk factors in older
Japanese adults. Journal of Aging and Physical Activity, 8, 162-174.

Tanaka, K., Watanabe, Y., Hiyama, T., Takeda, M., & Yoshimura, T. (1992). Change in vital
age of CHD patients following a supervised aerobic conditioning program. Journal of
Japanese Atherosclerotic Society, 20, 597-603.

Taunton, J., Rhodes, L., Wolski, L., Donally, M., Warren, J., Elliot, ]., McFarlane, L., Leslie,
J.. Mitchell, J., & Lauridsen, B. (1996). Effects of land-based and water-based fitness
programs on the cardiovascular fitness, strength and flexibility of women aged 65-75
years. Journal of Gerontology, 42, 204-210.

Tinetti, M.E. (1986). Performance oriented assessment of mobility problems in elderly
patients. Journal of the American Geriatric Society, 34, 119-126.

Tobis, J.S., Friis, R., & Reinsch, S. (1989). Impaired strength leads to falls in the community.
Gerontologist, 29, 256A-257A.

Vandervoort, A., Hill, K., Sandrin, M., & Vyse, V.M. (1990). Mobility impairment and
falling in the elderly. Physiotherapy Canada, 42, 101.

Vandervoort, A.A., Chensworth, B.M., Cunningham, D.A., Patterson, D.H., Rechnitzer,
P.A., & Koval, J.J. (1992). Age and sex effects on mobility of the human ankle.
Journal of Gerontology: Medical Sciences, 47, M17-M21.

Vita, AJ., Terry, R.B., & Hubert, H.B. (1998). Aging, health risks and cumulative disabil-
ity. New England Journal of Medicine, 338(15), 1035-1041.

Walker, .M., Sue, D., Miles-Elkousy, N., Ford, G., & Trevelyan, H. (1984). Active mobility
of the extremities in older subjects. Physical Therapy, 64, 919-923,

Welle, S., Thornton, C., Jozefowicz, R.. & Riggs. D.M. (1993). Myofibrillar protein
synthesis in young and old men. American Journal of Physiology, 264, E693-E698.

Williams, H.G., & Greene, L.S. (1995). In W.W. Spirduso (Ed.), Physical dimensions of
aging (pp. 358-362). Champaign, IL: Human Kinetics.

Wilmore, J. (1991). The aging of bone and muscle. Clinics in Sports Medicine, 10(2), 231-
243,

Wilmore, I., Parr, R.B., Girandola, R.N., Ward, P., Vodak, P.A., Barstow, T.J., Pipes, T.V.,
Romero, G.T., & Leslie, P. (1978). Physiological alterations consequent to circuit
weight training. Medicine and Science in Sports, 10(2), 79-84.



206 + Holland et al.

Winter, D.A. (1987). The biomechanics and motor control of human gait. Waterloo, Ontario:
University of Waterloo Press.

Winter, D.A. (1995). Human balance and posture control during standing and walking. Gair
and Posture, 3, 193-214.

Winter, D.A., Patla, A.E., Frank, ].S., & Watt, 5.E. (1990). Biomechanical walking pattern
changes in the fit and healthy elderly. Physical Therapy, 70, 340-347.

Woods, 1.H. (1914). The voga system of Patanjali. Boston: Harvard University Press.

Wright, V., & Johns, R.J. (1960a). Observations on the measurement of joint stiffness.
Archives of Rheumatology, 3, 328-340.

Wright, V., & Johns, R.J. (1960b). Physical factors concerned with the stiffness of normal
and diseased joints. Johns Hopkins Hospital Bulletin, 106, 215.

Young. A. (1986). Exercise in geriatric medicine. Acta Medica Scandinavica, 711, 227-232.

Yu, S.H., & Blumenthal, H. (1967). The calcification of elastic tissue. In B.M. Wagner &
D.E. Smith (Eds.), The connective tissue (pp. 17-49). Baltimore: Williams & Wilkins.



