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ABSTRACT
Sarcopenia is an age-related loss of skeletal muscle mass that predisposes seniors
to falls, disability and mortality. Exercise training was proved to be effective for
improving the muscle and physical performance in seniors with sarcopenia. In the
past decade, a new style of training, whole-body vibration (WBV), has been reported
as an effective approach to improve the neuromuscular, balance and functional
performance in the healthy elderly people. However, the effects of WBV on muscle,
balance and physical performance in the people with sarcopenia are still uncertain and
there is no consensus on the optimal parameters with WBV training in previous
studies. Furthermore, the mechanisms underlying the effects of WBV on muscle
performance has not been well explored. Therefore, the present research was
conducted that comprised two parts, the first and also the main study in this thesis was
to investigate the effects of 36 sessions of WBV training on seniors with sacropenia
and to compare three different WBV training frequency and duration for the subjects
so as to identify the optimal training parameter.

Eighty seniors aged 65 years and above with sarcopenia were recruited and
randomly assigned into 1 of 4 groups receiving either low frequency with long
exposure time (LG: 20Hz and 720s per session), medium frequency with medium
exposure time (MG: 40Hz and 360s per session), high frequency with short exposure
time (HG: 60Hz and 240s per session) of WBV training or no intervention as control
(CG). The WBV training consisted of 36 exercise sessions over a 12-week period.
Assessments were conducted at baseline, mid-intervention (6 weeks of WBV),
post-intervention (12 weeks of WBV), 6 and 12 weeks after cessation of training. The
outcome assessments included ultrasound measurement of vastus medialis for its
iii

cross-sectional area (CSA), knee extension isometric strength at 90°of flexion and
isokinetic knee extensor peak torque at 60°/s and 180°/s, Timed-up-and-go test (TUG),
Five-repetition sit-to-stand test (5STS), knee joint position (KJP), tandem stance, one
leg standing (OLS) and 10-meter walk test with self-preferred and maximum speed.

Only MG group demonstrated significant increase in isometric knee extension
(p=0.017) after 36 sessions of WBV training. Both LG and MG showed significant
improvements in isokinetic knee extension at 180°/s (LG: p=0.001; MG: p=0.006),
isokinetic knee extension at 60°/s (LG: p=0.041; MG: p=0.016), TUG (LG: p<0.001;
MG: p<0.001), 5STS (LG: p=0.038; MG: p=0.001), self-preferred walking speed (LG:
p=0.008; MG: p=0.029). Among the three training groups, only MG had significantly
better performance than the CG in isokinetic knee extension at 180°/s (p=0.022),
TUG (p=0.001), 5STS (p=0.008), self-preferred speed walking speed (p=0.040). For
CSA and balance performance, there were no significant group differences after 36
sessions training.

No

significant

differences

were

found

in

muscle

strength

between

post-intervention and 12-week follow-up assessments (p>0.05). Compared with
baseline, all three training groups had significant improvements in isokinetic knee
extension at 180°/s even after 12-week cessation of training (LG: p=0.01; MG:
p=0.006; HG: p=0.015). The improvements in TUG and 5STS in LG and MG could
not maintained for 12 weeks after training cessation (p<0.05). Only MG had
significant difference from CG in isokinetic knee extension at 180°/s and TUG after
12-week cessation of training.

After completion of the main study, another study was conducted to investigate
the possible mechanism of WBV training for the improvement of muscle performance
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with the MG training protocol. Ten subjects with sarcopenia were recruited and
allocated into either MG WBV (n=5) or control group (n=5). Twitch interpolation test
was performed for the quadriceps muscle of the dominant leg before and after a
12-week training programme to investigate the effect of WBV training on the
voluntary activation of this muscle so as to explore the possible underlying effect
associated with WBV at the neuromotor activation level.

After 12 weeks of WBV training, the interpolated muscle twitch ratio of WBV
group was increased by 1.33% and the changes of interpolated muscle twitch ratio
were significantly different between the two groups (p=0.044).

In general, WBV training was effective on improving muscle and physical
performance in seniors with sarcopenia. The frequency/time combination of 40Hz and
360s has the best outcome among all other combinations tested in the main study of
this thesis. The finding that WBV training would increase voluntary activation of
quadriceps in seniors with sarcopenia implies that a possible mechanism of WBV
training for muscle improvement would be central drive facilitation.
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CHAPTER 1 INTRODUCTION
1.1 SARCOPENIA
1.1.1 Definition of sarcopenia
Sarcopenia, translated from Greek (sarx for flesh, penia for loss), was firstly used
by Irwin Rosenberg (1997) to describe the muscle loss when people age. In 2011,
researchers reached a consensus on the definition of sarcopenia that: “Sarcopenia is a
complex syndrome that is associated with muscle mass loss alone or in conjunction
with increased fat mass.” (Fielding et al., 2011). Like osteoporosis, which predicts the
risk of bone fracture, sarcopenia is the predictor of frailty (Cooper et al., 2012; Morley
et al., 2005), leading to decrease in quality of life.
After sarcopenia was introduced, Clark and Manini (2008) brought out a new term
“Dynapenia” to describe the age-related loss of muscle strength. They advocated that
“Sarcopenia” should be used to its original Greek meaning. In the past decades, since
sarcopenia was usually used to describe the age-related loss of muscle mass and
strength, old people with lower muscle mass but normal muscle strength were excluded
from most previous studies. The reason for this mistaken usage of sarcopenia might be
the concern of the strong relationship between muscle mass and muscle strength
(Alizadehkhaiyat et al., 2014). Maughan et al. (1983) initially reported the
cross-sectional area of mid-thigh was positively correlated with maximal voluntary
force of knee extension at 90°in both young and old people. Alizadehkhaiyat et al.
(2014) found there was a significant correlation between skeletal muscle mass and
1

muscle strength in both men and women. However, Maughan et al. (1983) advocated
muscle strength and muscle cross-sectional area could not be predictor for each other
because of the wide variations in these two muscle characteristics. A study by Frontera
et al. (2000a) supported this standpoint from another angle as they found the
differences in knee extensors at 1.04 rad/s between young and older men still existed
even after adjusting for muscle fiber size, which imply there were other mechanisms
for age-related loss of muscle strength besides decreased muscle mass. For instance,
the increased neural activation to the antagonists was speculated as a contributor to the
age-related muscle strength (De Boer et al. 2007). Later, Goodpaster et al. (2006)
found that although muscle mass and strength were correlated, the increase in muscle
mass did not protect the subject from age-related loss of strength. Also, Mikhael et al.
(2010) reported calf muscle strength increased after 13 weeks of training, but the
cross-sectional area of mid-calf remained as that at baseline. These findings suggested
the gain or loss of muscle mass from short-term training was not necessarily associated
with the increase or decrease in muscle strength and vice versa. Thus, the term
“Sarcopenia” should be used with caution to describe both age-related loss of muscle
mass and strength. In this thesis, the term “sarcopenia” is only used according to its
original meaning of age-related loss of muscle mass.

1.1.2 Diagnostic criteria for sarcopenia
Regarding the diagnosis of sarcopenia, low muscle mass was commonly used in
the previous studies (Baumgartner et al., 1998; Chien et al., 2008; Janssen et al., 2002;
2

Sanada et al., 2010). However, the cutoff point for defining low muscle mass is still
divergent due to the difference in devices, formulae, reference groups and cut-off
points for calculating skeletal mass index (SMI) (Bijlsma et al., 2012).
For devices, computed tomography (CT), magnetic resonance imaging (MRI),
dual-engery X-ray absorptionmetry (DXA) and bioelectrical impedance analysis (BIA)
are used in the research laboratory and clinic to predict the skeletal muscle mass
(Fielding et al., 2011). Considering the convenience and cost, the most popular devices
are DXA (Sanada et al., 2010; Kim et al., 2012a; Lau et al., 2005) and BIA (Castillo et
al., 2003; Chien et al., 2008; Tichet et al., 2008). Using DXA, the SMI is calculated
according to the formula:
SMI=Appendicular muscle mass/height2 (Sanada et al., 2010; Kim et al., 2012a;
Lau et al., 2005).
Another formula established with BIA states:
SMI=(0.401 × (height2/bio-impedance) + (3.825 × gender) – (0.071 × age)
+5.102)/height2(Chien et al., 2008; Janssen et al., 2000a).
However, there is no consensus on the cutoff point with each formula. In the study
of Delmonico et al. (2007) using DXA, the cutoff point was defined as the lowest 20%
of SMI in gender-specific study group, whereas Baumgartner et al. (1998) defined two
standard deviations below the mean SMI of young male and female reference groups
as the cutoff point.
European Working Group on Sarcopenia in Older People (EWGSOP) and
International Working Group on Sarcopenia (IWGS) have put forward the diagnostic
3

criteria for sarcopenia as low muscle mass (primary determinant) combining with low
muscle function (muscle strength and physical performance) (Cruz-Jentoft et al., 2010;
Fielding et al., 2011), though sarcopenia was distinguished from dynapenia in many
researches in the past decade (Clark & Manini, 2008; Hofmann et al., 2015; Jenkins et
al., 2015). Hitherto, there is no agreement for the tested position, device and cutoff
point of muscle mass and strength measurements between EWGSOP and IWGS.
Although both EWGSOP and IWGS have recommended gait speed as an effective
single variable for physical function, no consensus on method (the distance of walking
test) and cutoff point has been proposed (Cruz-Jentoft et al, 2010; Fielding et al., 2011).
The EWGSOP recommended to use <0.8m/s as threshold for sarcopenia (Cruz-Jentoft
et al, 2010), while The IWGS sets the threshold as <1.0m/s (Fielding et al., 2011). In
general, there is not a common agreement on the diagnosis for sarcopenia in the world.
Thus, in this study, the individuals with low muscle mass alone would be classified as
sarcopenia.

1.1.3 Epidemiology of sarcopenia
The prevalence of sarcopenia reported in previous studies varied due to different
cutoff points and techniques were used for measuring muscle mass. In the US Third
National Health and Nutrition Examination survey (1988-1994) involving 4504 adults
aged beyond 60 years old, it was reported the prevalence of sarcopenia was 10% in
women and 7% in men. BIA was used in that study to predict the muscle mass index
(absolute muscle mass/height2) and the cutoff points (-2SD) were 10.76kg/m2 and
6.76kg/m2 for men and women, respectively (Janssen et al., 2000a).
4

In 1998, Baumgartner et al. using DXA measurement found the prevalence of
sarcopenia was over 50% in persons older than 80 years of age. Later, Melton et al.
(2000) and Morley et al. (2001) using DXA found 52% of women and 28% of men
older than 70 years old had sarcopenia and the prevalence for people younger than 70
years and those older than 80 years of age were 12% and 30%, respectively.
In Asia, most studies have used DXA, and the prevalence of sarcopenia in Hong
Kong in 2005 was 12.3% for men and 7.6% for women (Lau et al., 2005). In 2010, the
prevalence of sarcopenia in Japan was reported to be 56.7% in men and 33.6% in
women (Sanada et al., 2010), while in 2012, only 12.4% of men and 0.1% of women
was diagnosed to have sarcopenia in Korea (Kim et al., 2012a). With BIA measurement,
Chien et al. (2008) found 23.6% of male and 18.6% of female suffered from sarcopenia
in Taiwan. Despite the great variability in the prevalence of sarcopenia among different
countries, it is clearly established that sarcopenia is a widespread problem in older
population across Asia and the western countries.

1.1.4 Causes for sarcopenia
There are many factors that would induce sarcopenia in older people, such as
ageing, lack of physical activities, chronic diseases, poor nutritional status, etc. The
interactions among these factors are complicated, which is presented in Figure 1.

1.1.4.1 Age-related loss in muscle mass

The exact reasons for age-related loss of muscle mass are not clear. One possibility
is a reduction in the total number of fibers within a muscle (Lexell et al., 1988). Loss
of muscle fibers begins at about 25 years of age and the total number of muscle fibers
5

would decrease by about 39% at age 80 (Bassey et al., 1992; Lexell et al., 1988;
Newman et al., 2006). Another study showed that muscle fiber numbers began to
decrease at 60 years of age, with 25% reduction in muscle fiber numbers at age 70
(Rantanen et al., 1999). At age 80, the atrophy would accelerate the loss of muscle
fibers, which could be up to 50% of the original number (Lexell et al., 1988).

A possible reason for age-related decrease in total number of muscle mass is the
age-related damage to the fibers with no subsequent regeneration. However, the
evidence for this reason is unclear (Aniansson et al. 1986; Grimby et al. 1982). Neural
input may be disrupted during aging (Vandervoor and McComas, 1986).
Electromyographic data have revealed an age-related decrease in the number of active
motor units and that the low-threshold motor units become larger (Baum, 2008). All
evidence indicate the age-related denervation of muscle fibers, particularly the
denervation of type II fibers, is an important reason for loss of muscle mass.
Another possible reason for age-related loss of muscle mass might be a
preferential age-related atrophy of type II fibers (Larsson et al., 1978; Larsson, 1982),
which leads to a progressive decrease in the type II to type I fiber area ratio (Lexell et
al., 1988). Although the age-related decreases present in both type I and II muscle
fibers (Lexell et al., 1988), the rate of loss of muscle fibers were different in these two
fiber types. The slow contracting type I fibers have lower tension output but higher
fatigue resistance and they are not seriously affected with aging (Grimby et al., 1982;
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Figure 1: A hypothetical model of interactions among factors causing sarcopenia.
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Lexell et al., 1988). On the contrary, the type II fibers had 26% reduction from age 20
to 80 (Lexell et al., 1988), and 15% to 25% reductions in type IIa and IIb
cross-sectional area (Coggan et al., 1990). In general, a large proportion of the
age-related loss of muscle mass is resulted from the reduction in type II muscle fiber
size (Lexell & Downham, 1992).
Besides the above reasons, the age-related changes in composition of muscle have
been speculated as another reason for losing muscle mass as people get older. The
muscles of older people aged 65–83 years contain less contractile tissue and more
non-contractile tissue when compared with the skeletal muscle of younger people of
26–44 years of age (Kent-Braun et al., 2000). A greater percentage of non-contractile
tissue such as fat and connective tissue would result in a decreased force production
capability (Williams et al., 2002). However, connective tissue occupies only 2% of the
cross-sectional area of muscle, thus, any change in connective tissues will unlikely
have an effect on force production or overall mass of skeletal muscle (Faulkner et al.,
1990).

1.1.4.2 Age-related loss of muscle function (strength and power)

Muscle strength is the maximal force that can be developed by the muscles
performing a particular joint movement (Komi, 2002). It is an index of the muscle
capacity. Normally, measuring the maximal voluntary force in both isometric and
isokinetic contractions represent muscle strength (Enoka, 2002). Muscle strength plays
an important role for mobility and poor muscle strength in the elderly significantly
compromises their functional independence in walking speed, posture and balance
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control (Bassey et al., 1992). Older people with lower muscle strength reportedly have
more difficulties in motor task and less physical activities (Rantanen et al., 1999).
Human muscle strength usually peaks between the age of 20 and 30 years and to
some extent remains stable until the onset of the sixth decade of life. With increasing
age, the human skeletal muscle morphology would change and this is often associated
with functional decay, which is dramatically evident by the sixth decade and onward
(Janssen et al. 2000b). A previous study with a 12-year follow-up period found
significant declines ranging from 23.7% to 29.8% in peak torque knee extension and
flexion at 60°/s and 240°/s. The loss of muscle strength at 240°/s was slightly faster
than at 60°/s. Also, the study revealed muscle strength lost more than 2% per year in
knee extensors and flexors from 65 to 77 years old (Frontera et al., 2000b). One longer
follow-up study gave a whole picture of the changes in maximum handgrip strength
along with age and found the relative loss of handgrip strength in men was 13.6% by
the sixth decade of life, while after the seventh decade the decrease was 29.5%
(Stenholm et al., 2012).
Some studies suggested men had greater decrease in muscle strength with aging
(Delmonico et al., 2009; Stenholm et al., 2012). A study that followed up 1678 older
participants for five years reported men had a 16.1% decrease in average maximum
isokinetic knee extension at 60°/s, whereas women had a 13.4% decrease (Delmonico
et al., 2009). Another longitudinal study demonstrated that women had a slightly
slower decrease in handgrip strength between 40 to 80 years old than men (Stenholm et
al., 2012). The explanation for the gender difference in age-related loss of muscle
strength might be the proportion of force generation by different types of fibers. In men,
it was reported that type IIA fibers could generate larger force than type I fibers, while
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no difference between these two fiber types was observed in women (Frontera et al.,
2000b). As the type II fiber decreased faster than type I fiber with aging, the muscle
strength in men would present with greater decrease than in women.
Besides strength, studies have indicated that muscle power also plays an important
role in the maintenance of mobility (Bean et al., 2003). Decreased power has been
linked to an increase in the incidence of falls (Chan et al., 2007). Since leg muscle
power can correct a displacement or movement error, to prevent a fall, an individual
must have sufficient lower limb muscle power in the stabilizing leg to counteract the
kinetic energy of the unbalanced individual (Skelton et al., 2002).
The per cent drop in muscle power per year is substantially larger than the year
drop in isometric strength (Lauretani et al., 2003). Muscle power is the product of
muscle strength and velocity of movement (power= force × velocity), a decrease in
either component may lead to a diminished capacity to generate power (Mayson et al.,
2008). However, it is not clear which of the two constituent components of muscle
power is more important for mobility.
Sayers et al. (2003) showed that limb velocity might be an essential factor in
predicting falls and increase in age is associated with a reduced capacity to produce
force rapidly (Harridge et al., 1996; Korhonen et al., 2003). In the healthy elderly, it
has been demonstrated that the ability to develop force rapidly is reduced compared
with young individuals of both genders (Clarkson et al., 1981; Vandervoort &
McComas, 1986). Furthermore, the ability to develop force rapidly is important for
aged people in several tasks of daily life, such as walking and postural adjustment to
prevent falls (Suetta et al., 2007). Therefore, both loss of muscle strength and decrease
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of force generation velocity contribute to the problems of mobility and balance of daily
life in the elderly. Decreased force, velocity and power are not independent variables,
and the interactions among them may aggravate disability.

1.1.4.3 Age-related decline in physical activity

As people get older, loss of muscle mass and function could adversely affect their
participation in daily physical activities (Milanović et al., 2013; Rantanen et al., 1999).
When compared the physical activity levels between young elderly (60-69 years) and
old elderly (70-80 years), Milanović et al. (2013) found the total energy consumed in
physical activity was less in the elderly, especially in women. They also pointed out the
work-related physical activity significantly decreased in both men and women.
Furthermore, Fukagawa et al. (1990) found the resting metabolic rate to have
decreased in older people. Their results indicated the effectiveness of physical activity
declined as one aged (Fukagawa et al., 1990).
On the other hand, the reduced physical activity may partly contribute to the loss
of muscle mass and strength in the seniors. A number of studies have proved physical
activity level was positively associated with muscle mass and strength (Hunter et al.,
2000; Rantanen et al., 1999). Rantanen et al. (1999) found the active older women had
the greater muscle mass and strength. Hunter et al. (2000) examined more than 200
Australian women aged from 20 to 89 years and found the active women had more
lean muscle mass and isometric muscle strength than the age-matched inactive ones.
Similar pictures were shown in older men. Thus, it is difficult to distinguish the cause
11

and effect between loss of muscle mass and function (strength and power) and the
decrease in physical activity of older people

1.1.4.4 Age-related changes in hormone

The concentration of testosterone in men decreases with age. A systematic review
analyzing 88 original studies concluded the concentration of testosterone was lower in
old people (Gray et al., 1991). Moreover, the rate of decline of testosterone was faster
in older age, which showed a curvilinear relationship between concentration of
testosterone and age (Harman et al., 2001).
Some studies reported the concentration of testosterone was correlated with lean
muscle mass, muscle strength and power (O'Connell et al., 2011; Storer et al., 2008).
One study that followed up the participants who had received monthly injection of
testosterone found the increased concentration of testosterone resulted in a net gain in
skeletal muscle mass, leg press strength and power (Storer et al., 2008). Although the
concentration of testosterone was associated with the muscle mass and function, it did
not correlate with physical function such as walking speed, stair climbing power and
timed up-and-go test (TUG) (Storer et al., 2008). Meanwhile, O'Connell et al. (2011)
found the positive effect of testosterone on skeletal muscle mass and strength
disappeared at 6 months after the injection had ceased.
In women, the estrogen level at the late menopausal transition declined to half of
the premenopausal concentration level (Burger et al., 2007). Meanwhile, the marked
loss of muscle mass and strength in women occurs after menopause (Maltais et al.,
2009). The relationship between estrogen level and loss of muscle mass and strength
was suggested in previous studies. Rolland et al. (2007) conducted a prospective study
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in 49 postmenopausal women for 2-3 years revealed low concentration of estrogen was
a predictor of loss of appendicular muscle mass and muscle strength.
Besides sex hormone, dehydroepiandrosterone (DHEA) is another contributor to
sarcopenia. The level of DHEA was proved to be positively associated with muscle
mass in previous studies (Maltais et al., 2009; Phillips et al., 1993). However, one study
found no relationship between DHEA and muscle mass and body composition in
elderly individuals aged between 60 and 80 years (Abbasi et al., 1998). Also, Nair et al.
(2006) reported neither men nor women showed significant effect of DHEA on body
composition. Considering the conflicting evidence on the effect of DHEA, it is
uncertain as to the impact of DHEA on muscle mass in individuals with sarcopenia.

1.1.4.5 Age-related inflammation

In recent years, other factors underlying strength decline have been proposed.
Aging is associated with an increase in levels of pro-inflammatory cytokines that may
exert a catabolic effect on muscle that increases the risk of functional decline and
frailty in the elderly (Schaap et al., 2006). One of the pro-inflammatory cytokines, IL-6,
has an association with the loss of muscle strength. Schaap et al. (2006) showed that
high levels of IL-6 were associated with a 3-fold increase in risk of strength loss
compared with low IL-6 levels.

1.1.4.6 Chronic diseases

As people get older, the risk of having chronic diseases is higher than their
younger counterparts (Gardner et al., 2001). Patients with chronic diseases, such as
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Parkinson’s disease, stroke and peripheral arterial disease (PAD), have lower physical
activity level (Butler & Evenson, 2014; Dontje et al., 2013; Gardner et al., 2001).
Dontje et al. (2013) reported more than 98% of patients with Parkinson’s diseases was
extremely inactive with their daily living. The stroke survivors consumed much less
time on vigorous activities and assumed a more sedentary lifestyle than their
counterparts unexposed to stroke (Butler & Evenson, 2014). The older subjects with
PAD had 22% slower walking velocity than non-PAD elderly (Gardner et al., 2001).
Thus, chronic diseases also have their roles in the development and pathogenesis of
sarcopenia.

1.1.4.7 Nutritional factors

The changes in nutritional status in the aged population are an important cause for
loss of muscle mass, which have been linked to the incidence of sarcopenia. Protein,
vitamin D and antioxidant were mentioned as the major nutrients for muscle mass and
function (Kaiser et al., 2010; Kim et al., 2010). Two review studies had concluded that
the balance of protein, vitamin D and antioxidant was often not maintained in the
elderly, which could induce sarcopenia in elderly subjects (Kaiser et al., 2010; Kim et
al., 2010).
Insufficient protein intake is considered an important contributor to sarcopenia
(Paddon-Jones et al., 2008). Houston et al. (2008) found the protein intake was
strongly associated with total lean body mass and appendicular lean mass. Thus, the
community-dwelling seniors with less protein intake were more likely to lose their lean
muscle mass. The loss of lean mass in the high protein intake participants was only
14

60% of those in the low protein intake ones (Houston et al., 2008). Considering the
positive association between protein and muscle mass, it is important to obtain an
adequate protein intake in the diet of older population. One research study has revealed
that the daily protein requirement for elderly people should be 1.14g per kilogram body
weight per day, which was 1.5 times greater than that for the young individuals
(Campbell et al., 1994). Rousset et al. (2003) followed up the nutritional values of the
diet of 292 healthy French participants pointed out the protein intake of elderly men
was significantly less than that of the young ones. Thus, the mismatch in the increase
in physiological needs but decrease in intake of protein would lead to the insufficiency
of protein in older individuals, which would lead to a greater loss of muscle mass
resulting in sarcopenia.
Vitamin D has been regarded as the main factor of osteoporosis for many years
(Wimalawansa, 2011). The relationship between vitamin D deficiency and frailty was
confirmed in the US Third National Health and Nutrition Survey (Wilhelm-Leen et al.,
2010). In this survey, people with 25-Hydroxyvitamin D serum concentration less than
15 ng/mL had nearly 4 times more risk in frailty than those without deficiency
(Wilhelm-Leen et al., 2010). However, Mason et al. (2013) found serum
25-Hydroxyvitamin D was not the determinant of appendicular lean mass in women
with sarcopenia. Also, one systematic review reported most improvements in muscle
mass and function was obtained by combined supplement of vitamin D and calcium.
There was no evidence that vitamin D alone had positive effect on muscle strength or
physical function (Latham et al., 2003). The effect of vitamin D on muscle strength and
physical function is still uncertain.
Antioxidants, though not as well studied as protein and vitamin D, are a relatively
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new focus for combating oxidative stress of older adults (Kim et al., 2010). Although
several animal studies advocated the antioxidants were helpful to prevent the oxidative
damage (Nunes et al., 2003; Rafique et al., 2004), there was no significant
improvement found in muscle mass and function in the aged population. The use of
antioxidants supplementation on sarcopenia prevention and treatment requires further
study.

1.1.5 Consequences of sarcopenia
1.1.5.1 Physical performance

Decline in physical performance is the prime consequence of sarcopnia. A wide
range of assessments was used to evaluate the physical performance of elderly with
sarcopenia. Timed up-and-go test (TUG), five-repetition sit-to-stand test (5STS) and
walking speed are the most common measurements. Also, they are the components of
the short physical performance battery (SPPB), which was recommended as the
standard measurement for physical performance in both clinical application and
research purpose (Cruz-Jentoft et al., 2010).
The positive correlation between muscle function and physical performance was
well established in previous studies (Hairi et al., 2010; Reid et al. 2008a). Hairi et al.
(2010) stated that the prevalence ratio for functional limitation in people with poor
muscle strength was 1.91. A systematic review analyzing the previous data reported
that the mean time for completing TUG was extended from 8.1 to 11.3 seconds with
the aging process (Bohannon, 2006). One study examined the sit-to-stand power of 556
Japanese elderly women concluded that the age-related decline in sit-to-stand power
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was in line with the decreased knee extension torque in people under 75 years old. At
above 75 years of age, the decline in sit-to-stand power was more rapid than that in
muscle strength (Kanehisa & Fukunaga, 2014).
Since muscle function is positively correlated with walking speed, gait speed is
thus a common indicator of functional capacity (Rantanen et al., 1999). Normally, older
adults with sarcopenia have slower self-preferred walking speed of less than 1.2 m/s,
which is the minimum walking speed to cross the road in urban settings (Cruz-Jentoft
et al., 2010; Fielding et al., 2011; Langlois et al., 1997). Due to their slow walking speed,
the elderly with sarcopenia would withdraw from outdoor activities to avoid dangers,
but such avoidance of daily outdoor activities will further compromise their physical
capacities.

1.1.5.2 Balance

Balance is an ability to maintain the body within the base of support with minimal
postural sway (Shumway-Cook et al., 1988). The coordination of vestibular,
somatosensory and visual system is the basis for maintaining balance. Normally,
balance includes both the static and dynamic concepts. The clinical tests used for
assessing static balance mainly involve semi-tandem, tandem and one-leg stand (OLS),
which were proved as valid and efficient measurements for predicting static balance
(Suzuki et al., 2013). The TUG test was generally used as a clinical assessment for
dynamic balance and mobility. Maximal reach of star excursion test for different
directions during single-leg stand is also useful test for dynamic balance (Hrysomallis,
2011). Besides the above single tests, Berg Balance Scale (BBS) was widely used as a
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comprehensive tool for assessing static and dynamic balance, especially for the
post-stroke patients (Blum & Korner-Bitensky, 2008). However, the shortcoming of
BBS is it has ceiling and floor effects for assessing the elderly (Blum &
Korner-Bitensky, 2008).
The impairment in balance would be a predictor of falls in the elderly. Desai et al.
(2010) reported that elderly with history of falls showed significantly longer time for
finishing balance tasks than those without fall history. The time of OLS was usually
used for clinically predicting falls. MacRae et al., (1992) examined the one-leg stand
time of 94 older adults and revealed the association between the time of OLS and falls
was significant.
The relationships between muscle function and balance have been reported in
previous studies. Pisciottano et al. (2014) stated the muscle strength of lower limb was
negatively associated with BBS and TUG in elderly subjects. Another study confirmed
the association by advocating the ankle muscle strength to be a predictor of fall in the
elderly, even in young adults (Cattagni et al., 2014).
As muscle function decreased with age, the balance impairments could also be
apparent in later life. The declined balance performance was usually observed in older
population (Aslan et al., 2008; Desai et al., 2010; Michikawa et al., 2009). Compared
to the middle-aged group, the elderly had shorter functional reach excursion and longer
time in completing TUG and Sit-to-stand test (Aslan et al., 2008). Furthermore, time
for standing with one leg decreased from 60 to 16 seconds in their sixth to eighth
decades (Michikawa et al. 2009). Although there was no direct study investigating the
balance performance in older people with sarcopenia, it is a logical prediction that the
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impairments in balance performance would also be an obstacle for improving quality
of life in people with sarcopenia.

1.1.5.3 Proprioceptive-joint position

Proprioception is traditionally referred to as the conscious sensation, including the
sense of limb position and movement, sense of tension and force, sense of effort and
balance, which are essential for postural control and daily movements (Proske &
Gandevia, 2012). It is well known that muscle spindles, as the principal proprioceptor
for limb position and movement, detect the changes in muscle length and feedback to
the central nervous system (Sherrington, 1906).
As people get older, the changes in muscle morphology (size, composition and
architecture) could alter the muscle spindles reactions to contractions (Narici &
Maganaris, 2007). Two studies in rat model reported the conduction speed of primary
spindle nerve endings was slower in the aged animals, while the axonal diameter has
concomitantly smaller (Kim et al., 2007; Miwa et al., 1995). Also, Swash and Fox
(1972) dissected aged muscles of human being and found the number of intrafusal
fibers had decreased, which are the major component of muscle spindles. The evidence
indicated the main components of reaction time of muscle spinal to the muscle
movement degenerated with age.
The degeneration in muscle spindles with age would cause a relative failure of
position sense and control. One study compared the knee joint position sense between
young and older adults and found the knee joint position sense to be negatively
associated with age (Ribeiro & Oliveira, 2010). Another study had confirmed the
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negative association between muscle weakness and static ankle position sense in
people aged between 60 and 69 years, while the association was not obvious in those
older than 70 years (Butler et al., 2008). However, Verschueren et al. (2002) stated only
the absolute error of dynamic position sense of ankle joint in the group aged between
70 and 75 years was significantly different from the young ones, while no difference
was observed between young adults and people aged from 65 to 70 years. Since very
few research studies had focused on the changes of proprioception in elderly subjects
and even less on those with sarcopenia, it is unclear whether there was a specific
treatment for proprioception in the people with sarcopenia.
The impairment in proprioception, especially the sense of limb position and
movement would adversely affect the postural control and physical performance in
older individuals (Hurley et al., 1998; Lord et al., 1999). Hurley et al. (1998) found a
significant positive correlation between the absolute error of knee position sense test
and functional performance in the elderly. Also, old people with impaired lower limb
sensation had larger body sway during tandem test with eyes closed (Lord et al., 1999).
Thus, improving the proprioceptive sense is one of the important goals for geriatric
physical rehabilitation.

1.1.5.4 Fall risk

Sarcopenia was proved as a risk factor for falls in the elderly. Landi et al. (2012)
reported more than 27% of elderly with sarcopenia in Italy had falls within a 2-year
follow-up period, while the fall incidence for the elderly without sarcopenia was only
9%. A study conducted in Japan had also revealed sarcopenia was significantly related
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to histories of falls. Meanwhile, the authors found men with sarcopenia were nearly
two times more vulnerable to fall than women with the same condition (Tanimoto et al.,
2014).

1.1.5.5 Mortality rate

Mortality rate is an expression of the number of deaths in a specific population at a
particular time (Porta, 2014), which constitutes to an important statistical measure in
the epidemiological study. Sarcopenia also increases the mortality rate in older
population. A 7-year longitude study reported old people with sarcopenia were strongly
inclined to have a high risk of death (Landi et al., 2013). Furthermore, the incidence of
sarcopenia was also significantly correlated to one-year mortality after discharging
from acute care wards (Vetrano et al., 2014).

1.1.6 Treatments
1.1.6.1 Exercise

In view of the strong relationship between physical activity and muscle mass, it
was proposed that non-medical intervention focusing on increasing physical activity
would be beneficial for people with sarcopenia. In the previous studies, exercise was
advocated to be the most effective physical intervention for slowing down or even
reversing the age-related loss of muscle mass, muscle function, impaired balance and
poor physical performance (Fielding et al., 2002; Fragala et al., 2014; Gonzalez et al.,
2014; Liu et al., 2014; Montero-Fernández & Serra-Rexach, 2013; Pamukoff et al.,
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2014; Scanlon et al., 2014; Sipilä& Suominen, 1995).
The effect of exercise training for muscle mass was reported in some studies.
With 18 weeks of intensive strength training, the cross-sectional area of quadriceps had
increased by 4.5% in elderly women (Sipilä& Suominen, 1995). Moreover, a recent
study found that after a 6-week progressive resistance training programme, the
cross-sectional area of vastus lateralis and knee extension strength of the older subjects
had increased by 7.4% and 32%, respectively (Scanlon et al., 2014).
It was also reported that resistance training could increase the muscle function
(Reid et al., 2008b; Sayers et al., 2003; Thomson et al., 2015). Thomson et al. (2015)
demonstrated that 12 weeks of resistance training could improve the isometric knee
extensor strength in older people by more than 30% than that at baseline. Furthermore,
the peak power of lower extremity significantly increased after both high- and
low-velocity training in older adults (Sayers et al., 2003; Reid et al., 2008b). All the
improvements in muscle mass, strength and power are strong evidence in support of
applying resistance training to combat sarcopenia in older people.
Besides muscle function, postural balance and physical performance in the seniors
were also improved after exercise training. Sayers et al. (2003) found that the dynamic
balance improved by 8% after 16 weeks of resistance training. A recent study also
reported after participating in a 6-week full-body progressive resistance training
programme, the performance of single-leg stand was improved in older adults
(Gonzalez et al., 2014). Very recently, Pamukoff et al. (2014) demonstrated a 6-week
strength training programme improved the balance recovery performance in old people
and Fragala et al. (2014) found the sit-to-stand performance to have significantly
improved after 6 weeks of training and this improvement was maintained for more than
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6 weeks after cessation of the training.
Exercise training was not only an effective intervention for the healthy elderly but
also for those with chronic diseases. Paul et al. (2014) stated both knee and hip muscle
strength increased after 12 weeks of resistance training in patients with Parkinson’s
disease. Lee and Kang (2013) reported both muscle strength and physical function
improved after 3 and 6 weeks of exercise training. Moreover, a recent literature review
concluded that appropriate exercise training could reduce the incidence of
cardiovascular diseases (Gielen et al., 2015). Although a number of studies confirmed
the positive effects of exercise training on muscle and physical functions, few clinical
trials had investigated the changes in the elderly with sarcopenia. One study that
followed up 177 individuals with or without sarcopenia for 12 months reported both
groups of subjects showed an increased score in SPPB and faster walking speed after
undergoing a 6-month regimen of aerobic, strength, balance and flexibility exercises
(Liu et al., 2014).

1.1.6.2 Nutritional supplementations

In view of the importance of the protein on muscle mass, many researches applied
the nutrient supplementations to treat age-related loss of muscle mass. The main
nutritional supplementation was protein. In order to figure out the effects of protein
intake on preserving muscle mass, some researchers conducted studies with protein
supplementation for treating sarcopenia. Gryson et al. (2014) found the lean mass
increased by 4.5% in the older participants after 16 weeks of 10g/day protein
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supplement. However, the effectiveness of protein supplementation for improving
muscle mass had been challenged. Tieland et al. (2012) found no changes in skeletal
muscle mass and muscle fiber size after protein supplementation in frail elderly
(Tieland et al., 2012). Candow et al. (2006) stated no change on muscle mass after a
12-week programme of 0.9g per kilogram/week of protein supplementation.
For muscle strength, one study involving 6-month daily protein supplementation
reported the knee extension strength was increased by nearly 20% in volunteers with
protein supplementation, while the placebo group only showed less than 10% increase.
Also, the score of SPPB for physical performance only increased in the protein
supplementation group (Tieland et al., 2012). However, one study found no significant
improvement in muscle strength after 12 weeks of protein supplementation. The
inconsistence of the effects of protein supplementation on muscle mass and strength
might be attributed to the difference in the amount and the duration of
supplementation.
Studies have been conducted to examine whether the whey protein
supplementation to exercise training could lead to the additional gain in muscle mass,
strength and physical performance. Arnarson et al. (2013) reported 60g per week of
whey protein supplementation did not induce additional improvements in lean body
mass, quadriceps strength and physical performance in older individuals. Another
study also confirmed that whey protein supplementation would bring no extra benefits
on muscle and physical functions (Chaléet al., 2013). Moreover, one study found the
group with additional soy and dairy intake had poorer performance in knee strength
than that with usual protein intake (Thomson et al., 2015). Thus, the evidence is
suggestive that usual daily protein intake would be adequate to maintain the daily
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activity.
One study examined 155 older Japanese people with sarcopenia and reported
exercise and amino acid supplementation together would increase the leg muscle mass,
knee extension strength and usual walking speed (Kim et al., 2012b). It is worth noting
that the amino acid supplementation would be easily digested than soy and dairy
source. However, there is limited evidence for supporting the positive effects of amino
acid supplementation on combating sarcopenia. More studies are needed to shed new
lights in this field.
Although the association between muscle function and vitamin D was evidenced
in the previous studies (Wilhelm-Leen et al., 2010; Wimalawansa, 2011), there was still
inconsistence in this association (Mason et al., 2013). No study had investigated the
effect of vitamin D alone on muscle mass and strength. Latham et al. (2003) stated
vitamin D should be taken with the other nutrients in order to improve muscle mass,
strength and physical function. The effects of vitamin D supplementation on muscle,
physical and balance performance are still unclear.

1.1.6.3 Hormone therapy

Many studies have investigated the effects of hormone therapy on muscle and
physical functions. Srinivas-Shankar et al. (2010) found the frail elderly participants
with 6 months of testosterone treatment had more increases in lean body mass and
isometric knee extension peak torque than those with placebo treatment. A randomized
clinical trial revealed that women with estrogen replacement therapy had greater
cross-sectional area of quadriceps and isometric muscle strength than those without the
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therapy after adjusting for relevant confounders (Taaffe et al., 2005). Also, another
study found the loss of lean muscle was reversed in women with sarcopenia after a
12-week hormone replacement therapy programme (Sørensen et al., 2001). However,
Kenny et al. (2005) reported no significant increase in appendicular skeletal muscle
mass, lean body mass, percentage body fat and physical performance after 3 years of
estrogen therapy in the community-dwelling women. The explanation for this
inconsistence might be due to the different types and amount of hormone as well as the
physical condition of the participants. Further analysis should be performed to
elucidate the effects of different hormonal treatments on muscle and physical functions
in the aged population, especially for those with sarcopenia.
It is interesting that some hormonal treatments only increased the muscle mass,
but not muscle strength or physical performance. Papanicolaou et al. (2013) revealed
the lean muscle mass in older women with sarcopenia who had received a 6-month
treatment programme of androgen receptor showed better performance than the
placebo group, but not in muscle strength or physical performance. Similarly, Nass et
al. (2008) found that fat-free mass increased in older adults after taking oral ghrelin
mimetic for 12 months, but this increase did not result in the improvements in muscle
strength or physical performance. An earlier study by Blackman et al. (2002) reported
the older individuals with growth hormone supplement had improvement in lean
muscle mass after 26 weeks of treatment, but not in muscle strength. According to the
findings from the previous studies (Blackman et al., 2002; Nass et al., 2008;
Papanicolaou et al., 2013), it seems that muscle mass was more sensitive to the
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changes of the concentration of sex and growth hormone. Thus, hormonal treatment
might be an effective remedy for sarcopenia, but not for dynapenia (age-related loss of
muscle strength). These findings further highlight the importance of distinguishing
sarcopenia from dynapenia.

1.2 WHOLE BODY VIBRATION TRAINING
1.2.1 Basic characteristics
Whole body vibration (WBV) has become an increasingly popular exercise in
recent years. There are basically two types of vibrations: vertical synchronous
vibration and side-alternating vibration. In the vertical synchronous mode, both legs
extend and stretch vertically simultaneously, and a linear acceleration is directed to the
trunk. In the side-alternating mode, the right and left legs operate in anti-phase to one
another and acceleration is indirectly applied to the trunk (Abercromby et al., 2007).
These two WBV training modes were used in the previous studies to investigate the
effects of WBV training programme on muscle performance (Abercromby et al., 2007;
Marí
n et al., 2014; Pollock et al., 2012a). Only one study compared the effectiveness of
these two modes by using the same frequency and amplitude (30Hz and 4mm) both in
vertical and side-alternating WBV on 17 healthy adults and found that the vastus
lateralis and biceps femoris had greater response to the side-alternating WBV than the
vertical vibration mode (Abercromby et al. 2007). Although Abercromby and
colleagues (2007) reported the side-alternating WBV could elicit greater muscle
activity in vastus lateralis and biceps femoris, it could only prove that the
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side-alternating mode was more effective than the vertical mode when the vibration
frequency was at 30Hz. Therefore, it is still uncertain as to whether the side-alternating
WBV training mode was more efficient than the vertical mode due to limited evidence.
Besides the different vibration modes, the frequency, amplitude and daily exercise
duration are proved to be important in WBV training as well (Cardinale & Bosco, 2003;
Marí
n & Rhea, 2010). According to some previous studies, the frequency adopted for
WBV generally ranged between 20Hz and 60Hz (Machado et al., 2010; Milanese et al.,
2013) and the most common vibration amplitude was between 2mm and 5mm
(Bautmans et al., 2005; Bogaerts et al., 2009). The duration for one exercise session
(daily exercise time) ranged between 240 and 1060 seconds was found to be effective
for training muscular strength (Marí
n & Rhea, 2010). Marí
n and Rhea (2010)
advocated that higher frequency of vibration had more effects on muscle strength and
power than lower frequency. However, considering the dose (the number of vibration)
would also increase as frequency increased within the same duration of exercise, the
gain in muscle strength and power at higher frequency could be due to the increased
number of vibrations rather than the pure effect of frequency, which has not been
controlled in any previous studies and this factor will be controlled in the present study.
Some studies examined the transmissibility of WBV on the human body
(Friesenbichler et al., 2014; Pollock et al., 2010; Tankisheva et al., 2013). One of the
studies found that the transmissibility of peak acceleration of side-alternating WBV
was higher at 10Hz and lower at 28Hz in young healthy males (Friesenbichler et al.,
2014). While another study reported 5Hz was the optimal frequency of side-alternating
WBV for transmissibility of toe, ankle, knee, hip, and head (Pollock et al., 2010). The
inconsistent findings of these two studies on the optimal frequency for effective
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transmissibility might be due to the different standing postures.
Friesenbichler et al. (2014) conducted the training without knee flexion, while
Pollock et al. (2010) asked their subjects to stand on the WBV platform with 5-10
degrees of knee flexion. For the transmissibility of the vertical WBV training, Duc et al.
(2014) found that 50Hz and 60Hz had higher input acceleration in knee and hip, while
20Hz was more efficient for transmissibility in ankle. However, Tankisheva et al.
(2013) found no statistically significant difference on the transmissibility was among
30Hz, 35Hz, 40Hz and 50Hz. Considering the small sample size of only 8 subjects in
the study of Tankisheva et al. (2013), it should be cautious to draw a conclusion based
on their findings. According to the present evidence, the effectiveness of vibration
transmissibility would be influenced by training intensity, standing posture and training
mode.

1.2.2 The effects of WBV training in young populations
1.2.2.1 Short-term training effects

The effects of short-term WBV training (less than one week) on the muscle
performance were investigated by different researchers in the past two decades. In
1999, Bosco and colleagues pioneered WBV as training to improve the muscle
performance in the volleyball players. They found volleyball players with 10 minutes
of vibration training programme had 6-8% increase in leg press power (Bosco et al.,
1999). Later, a few other studies also investigated the effects of short-term WBV
training in the trained individuals. One Norwegian study has demonstrated WBV
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training with 50Hz would elicit more than 4% increase in peak power outputs of squat
jumps in power lifters. The EMG values of vastus medialis, vastus lateralis and rectus
femoris also increased dramatically in the volunteers with WBV (Rønnestad et al.,
2012). Cochrane and Stannard (2005) trained 18 female elite field hockey players with
either 5 minutes of cycling or 5 minutes of side-to-side WBV at 26Hz to examine
whether short-term WBV training had the effects on counter-movement jump, grip
strength, and flexibility performance. The results of that study indicated the short-term
WBV training was a better training approach than cycling on counter-movement jump
and flexibility for their subjects. However, the grip strength did not change in the two
groups after 5 minutes of training. Since both WBV and cycling training focused on
the lower extremity, it is readily explainable that no alternation in grip strength was
found after 5 minutes of training.
Later, many researchers began to investigate the effects of short-term WBV
training in the untrained healthy young adults (Cormie et al., 2006; Despina et al., 2014;
Erskine et al., 2007; Marín et al., 2014; Mileva et al., 2006; Wirth et al., 2011; Ye et al.,
2014). Erskine et al. (2007) reported there was a significant increase in maximal
isometric knee extension after 10 minutes of WBV training programme. Mileva et al.
(2006) found dynamic muscle strength and power increased significantly after a single
bout of WBV in young healthy adults, the activity of vastus lateralis and rectus femoris
also increased in the WBV group. Besides the lower extremity, an earlier study from
Switzerland examining the surface EMG of back and abdominal muscles found the
abdominal muscles had more increase than the back muscles in the healthy young male
individuals after 40 seconds of vertical WBV training with a parameter of 30Hz and
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4mm, though these increases were not statistically significant. The authors concluded
short-term WBV training could only induce low to moderate increase in trunk muscle
activities (Wirth et al., 2011). It is concluded that short-term WBV training programme
could induce the increase in muscle activities in the lower extremity in young adults.
The effects of short-term WBV training on balance and flexibility were only
investigated in one study (Despina et al., 2014) that with 75 seconds of WBV training.
They found sit and reach test had obvious improvement from 41.5cm to 42.7cm, while
the maximum excursion showed no change (Despina et al., 2014). Moreover, no
change was observed in proprioception after a single bout of WBV training (Hannah et
al., 2013). Hannah et al. (2013) found there was no effect with 5 minutes of WBV on
knee joint position sense in the healthy young individuals. The explanations for no
improvement in balance were because: firstly, balance involves a complex coordination
in the body, which could hardly be improved by only one bout of exercise; secondly,
young adults already have very good balance, which is more difficult to be improved
than that of the older ones. Thus, it is reasonable that there were no significant effects
of short-term WBV training on balance in a young group of subjects.
Besides muscle performance, balance and flexibility, there were two studies that
examined the oxygenation level (Mileva et al., 2006; Yamada et al., 2005). Yamada et
al. (2005) revealed 3 minutes of squatting exercise with side-to-side WBV would
decrease the muscle oxygenation level of vastus lateralis, which might be due to the
increased oxygen utilization in the muscle, and this finding was parallel to the
increased muscle activity. Furthermore, Mileva et al. (2006) found the rate of muscle
deoxygenation was hastened in the higher speed contraction.
The effects of short-term WBV training on hormone in young adults were
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examined in two studies. Erskine et al. (2007) reported there was no change in
testosterone and cortisol concentration after 10 minutes of WBV training programme.
Another study also confirmed there was no alteration in testosterone after 20 minutes
of WBV with vibration frequency of 30Hz. They had also found the level of insulin
growth factor-1 had not changed (Cardinale et al., 2006). These reports did not support
there was any effect of short-term WBV training on the endocrine system.
In conclusion, short-term WBV training programme would have positive effects
on muscle function such as muscle strength and power. The muscle activity in the
lower extremity was consistently greater in the WBV group than the sham group,
which implied that WBV would induce tonic vibration reflex (TVR) to potentiate the
neuromuscular performance (Cardinale & Bosco, 2003). Theoretically, vibration could
affect the sensitivity of muscle spindle, which could improve the proprioception and
balance (Eklund & Hagbarth, 1966). However, there was no study that reported the
improvements in balance and proprioception after short-term WBV training
programme. Considering the duration with short-term WBV training programme, it
might be insufficient to elicit the changes in balance and proprioception, which might
need longer term of training for enhancing the performance.

1.2.2.2 Long-term training effects

The effects of long-term WBV training programme (training lasts for more than
one week) were conflicting among previous studies. Some studies advocated the
long-term WBV training programme could change the body composition (Item et al.,
2011), improve muscle performance (Fort et al., 2012; Lamont et al., 2009), balance
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(Fort et al., 2012) and flexibility (Karatrantou et al., 2013). Item et al. (2011) reported,
after 16 sessions of side-alternating WBV with frequency at 30Hz, the lean muscle
mass of thigh increased by 4% and the cross-sectional area of vastus lateralis for
myosin heavy chain (MYH) isoform in both type 1 and type 2 fibers increased by 16.7%
and 13.8% in young females, respectively (Item et al., 2011). The above findings
support that long-term WBV training programme would be effective to increase the
muscle mass and cross-sectional area of fibers of vastus lateralis.
Regarding the muscle function, Fort et al. (2012) reported after 8 weeks of
high-intensity (10 sessions/week) vertical WBV training (25-30Hz, 4mm), the
counter-movement jump and one-leg hop height in the basketball players increased by
6.47% and 10.12%, respectively, and the lateral deviation of the center of pressure
during single leg standing with eyes closed decreased by 22.2% after training. Also,
Delecluse et al. (2003) found the peak torque of isometric and isokinetic knee
extension had increased by 16.6% and 9%, respectively, in young adults after 36
sessions of WBV with frequency ranged from 35Hz to 40Hz and amplitude from
2.5mm to 5mm. However, Item et al. (2011) found no improvements in maximal power
in knee extension and counter-movement jump after 16 sessions of side-alternating
WBV with frequency at 30Hz. In the study of Item et al. (2011), the muscle power
measurement was conducted in the non-dominant leg of young subjects, which might
be the reason for the no statistically significant improvement in muscle power. Based
on the above evidence, the long-term WBV training programme could increase the lean
muscle size and the muscle strength of isometric and isokinetic knee extension.
Comparisons have been made between WBV and conventional resistance training.
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One study trained 36 young men for 12 sessions of squat training programme with or
without high-frequency WBV found the percentage change of jump height and peak
power of deep squat had significantly increased in the training group with WBV
(Lamont et al., 2009). However, another study with longer training duration of 72
sessions revealed no difference between WBV training and conventional resistance
training in the peak torque of isokinetic knee extension in the young subjects (Roelants
et al., 2004a). The finding of Lamont et al. (2009) suggested that WBV training
programme could induce additional benefits to the conventional squat training, while
Roelants et al. (2004a) revealed WBV training programme was as effective as the
conventional resistance training to improve the muscle strength in the young adults.
Although WBV training programme is not better or more effective than the
conventional resistance training, it is an efficient approach for training muscle strength
due to its training duration was less than 30 minutes, which was much shorter than one
hour that was adopted in the conventional resistance training.

1.2.3 The effects of WBV training in older population
1.2.3.1 Short-term training effects

The effects of short-term WBV on muscle performance, balance, flexibility and
physical functions in older individuals have been studied by some researchers
(Carlucci et al., 2010; Carlucci et al., 2015; Tsuji et al., 2014). It was reported that
muscle activities in vastus medialis, vastus lateralis, rectus femoris and gastrocnemius
lateralis were greater in the WBV group than the sham group (Carlucci et al., 2015).
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After 90 seconds of vertical WBV training, the time for completing TUG was
significantly shorter than that at baseline. However, there was no group difference
between the participants with and without WBV in TUG, sit-and-reach and functional
reach in older people (Tsuji et al., 2014). The positive effect of short-term WBV on
balance was not supported in some studies. Carlucci et al. (2010) found that 9.5
minutes of vertical WBV had no positive effect on the deviation distance of the center
of pressure. The explanations for the unchanged balance performance and hormone
concentration in older subjects after short-term WBV training programme are the same
as in young adults. The main reason is the balance and hormone could not be altered
during such short duration.
Similar to the studies conducted in young adults, there was no effect with WBV on
growth hormone and testosterone concentration in older population (Cardinale et al.,
2010). Furthermore, one study pointed out that a 10-min WBV exercise would increase
skin temperature and blood flow in the lower extremity in the elderly (Lohman et al.,
2012). It is noticeable that the skin blood flow increased by 4.5 fold after WBV
intervention, which might cause the side effects on some particular groups of people
(Lohman et al., 2012). Therefore, it should be cautious when conducting WBV on the
elderly with severe cardiovascular diseases.

1.2.3.2 Long-term training effects

Some researchers advocated long-term WBV could increase the muscle mass in
the elderly (Bogaerts et al., 2007; Fjeldstad et al., 2009; Kennis et al., 2013; Roelants et
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al., 2004b). Both Bogaerts et al. (2007) and Kennis et al. (2013) reported the muscle
mass increased after one year of vertical WBV in older men and women. With
examining the muscle size, Machado et al. (2010) found that after 10 weeks of vertical
WBV training, the cross-sectional area had increased by 8.7% in vastus medialis and
15.5% in biceps femoris, but no increase was found in vastus lateralis.
Effect of WBV on body fat in older individuals was also studied (von Stengel et al.,
2012; Verschueren et al., 2004). von Stengel et al. (2012) found that both body fat
percentage and abdominal fat mass had significantly decreased after 18 months of
WBV training programme. Verschueren et al. (2004) reported fat mass had decreased
by 2.4% after 6 months of WBV training programme, though it was not significant.
Fjeldstad et al. (2009) reported the WBV training group had more significant decrease
in the total per cent body fat than the non-WBV group. However, one study stated
muscle mass remained unchanged after 18 sessions of WBV training programme
(Bautmans et al., 2005). Considering the insufficient training sessions and short
duration for each training session (2-4 minutes) in Bautmans et al. (2005) study, it is
unlikely that there could be change in muscle mass after training.
According to the above studies, WBV training could increase the lean muscle mass
and size in older people with sufficient training period. It is noticeable that WBV
training to be as effective as the conventional resistance training since there was no
significant difference between WBV training and conventional resistance training on
the change of muscle size and mass after training, which was reported in most studies
(Fjeldstad et al., 2009; Kennis et al., 2013; von Stengel et al., 2012; Verschueren et al.,
2004). Although WBV training did not appear to be more effective than the
conventional resistance training, it should be a more efficient, convenient and safe
36

training approach for older population.
The influence of long-term WBV training on muscle performance, such as muscle
activity, strength, power and speed of movement, were reported as the primary findings
in many studies (Bemben et al., 2010; Kennis et al., 2013; Verschueren et al., 2004).
When compared to the control group, significant increases were presented in isometric
knee extension at 130° and isokinetic knee extension at 100°/s after 24 weeks of
vertical WBV training programme (Verschueren et al., 2004). Gómez-Cabello et al.
(2013) stated the improvement in muscle strength in the lower body was only found in
the WBV group, but not in the control group. Moreover, Machado et al. (2010) found
muscle power was preserved in the WBV group but not in control group, which had
significantly decreased after 10 weeks of training. However, Bautmans et al. (2005)
and Raimundo et al. (2009) reported no significant improvement in muscle strength
after 18 and 96 sessions of WBV training programme, respectively. For the study
conducted by Bautmans et al. (2005), the training duration was very short thus this
could explain for the unchanged muscle strength. For the study conducted by
Raimundo et al. (2009), the frequency used in WBV training programme was only
12.6Hz, which was much lower than the other studies. Therefore, it is postulated the
low vibration frequency might be difficult to elicit any significant improvement in
muscle strength in older people.
Most studies compared the effects of WBV and conventional training revealed
both training approaches could induce the improvements in muscle strength and power.
However, there was no significant difference between these two approaches in most
aspects of muscle performance, such as isometric knee strength, power and
counter-movement jump height (Bogaerts et al., 2007; Kennis et al., 2013; Rees et al.,
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2008; Roelants et al., 2004b; von Stengel et al., 2012; Verschueren et al., 2004).
Although without significant difference, WBV seemed to be more efficient than the
conventional training in some studies (Bemben et al., 2010; Rees et al., 2008; Roelants
et al., 2004b; von Stengel et al., 2012). Bemben et al. (2010) reported, after 8 months
of training, the hip abduction strength had increased by 116% in the training group
with WBV, while only 61% increase was found in the training group without WBV.
Furthermore, von Stengel et al. (2012) found the isometric strength of trunk flexion
only significantly increased in the WBV group, but not in the group with resistance
training. Roelants et al. (2004b) reported that when compared with resistance training
group, only WBV group showed significant increase in speed of knee extension
movement at low resistance. Rees et al. (2008) demonstrated significant increases in
ankle plantar flexor strength and power only in the WBV training group, but not in the
group with resistance training.
However, some studies revealed WBV was not as efficient as the conventional
training for the isometric and isokinetic muscle strength in older individuals. Bogaerts
and colleagues (2007) reported the fitness-training group had more increase in
isometric muscle strength than the vertical WBV training group. Later, in 2009, they
also stated the fitness training group had better performance in oxygen uptake and
isometric strength than the vertical WBV group (Bogaerts et al., 2009). A study that
followed up the participants for one year after one year of training completion found
that most improvements dissipated in both WBV and fitness training groups within one
year after training cessation, except for the isometric strength, which was preserved in
the resistance training group (Kennis et al., 2013). In that study, the fitness group
received a comprehensive training programme, including cardiovascular, resistance,
balance and flexibility exercises for 60-90 minutes per session, while the WBV group
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only conducted training for 40 minutes, which also included the warm-up and
cool-down components. Therefore, the fitness-training group had larger training
intensity than the WBV group. Considering the comprehensive training programme
used in the above three studies and the longer training duration for one session, it may
not be a valid conclusion that WBV training was less beneficial than the
comprehensive training programme.
The positive effects of long-term WBV training on balance in older population
were reported in many studies (Bogaerts et al., 2011; Bruyere et al., 2005; Cheung et
al., 2007; Rees et al., 2009; Stolzenberg et al., 2013a; Zhang et al., 2014). Bruyere et al.
(2005) reported the score of Tinetti test had significantly increased after 18 sessions of
physical therapy with WBV training. Bogaerts et al. (2011) found sway velocity only
improved in the WBV group, but not in the control group. Also, the movement speed,
maximum point excursion and directional control in the balance test were only
improved in the WBV group, but not in the control group (Cheung et al., 2007). Both
Rees et al. (2009) and Stolzenberg et al. (2013a) reported one-legged postural
steadiness improved after long-term WBV training. The balance confidence was also
increased in the frail elderly after WBV training (Zhang et al., 2014). Based on these
studies, it is concluded that long-term WBV training programme could improve the
balance performance in older population.
Most studies reported the positive effects of long-term WBV training in physical
performance (Bautmans et al., 2005; Bruyere et al., 2005; Machado et al., 2010;
Pollock et al., 2012a; Zhang et al., 2014). Bautmans et al. (2005) and Bruyere et al.
(2005) compared the older adults with and without WBV training and found that those
with WBV had better performance in TUG. Machado et al. (2010) found the time for
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completing TUG was decreased by 9% in the WBV training group, while no change
was observed in the control group. Beaudart et al. (2013) demonstrated that the time
for completing TUG had decreased by 1.14 seconds in the WBV training group, while
the time had increased by 0.41 second in the control group. The effect of long-term
WBV training programme on the TUG test was consistently positive in older people.
Furthermore, the positive effect of long-term WBV training on sit-to-stand test was
reported in the study of Runge et al. (2000). It is reported that the time for completing
sit-to-stand test had decreased by 18% after 24 sessions of WBV training. However,
Iwamoto et al. (2012) found no change in performance of sit-to-stand test after 24
sessions of WBV training. The explanation for the inconsistence might be the different
frequencies. Runge et al. (2000) used 27Hz in the WBV training programme, while
Iwamoto et al. (2012) only used 20Hz, which might be inadequate to stimulate the
sit-to-stand performance. The study conducted by Raimundo et al. (2009) also proved
that the WBV with low frequency (12.6Hz) could not improve the sit-to-stand
performance.
Walking speed had significantly increased in older people trained with WBV
(Gómez-Cabello et al., 2013; Pollock et al., 2012a). Gómez-Cabello et al. (2013) found
that the walking speed had increased by more than 0.1m/s after 33 sessions of WBV
training. Pollock et al. (2012a) reported the walking speed had increased by 36% in the
group with WBV training programme, while the group without WBV training
programme only increased by 18.1%. The walking speed in the study of Raimundo et
al. (2009) had only increased by 5.5%. The reason for this undetectable change would
be the small frequency leading to the low intensity of training, which could not cause a
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significant change after training. In conclusion, the long-term WBV training with
adequate frequency and training duration could improve the physical performance in
older people.

1.2.4 Effects of WBV training on chronic diseases
Long-term WBV training was used for treating many skeletal diseases, such as
osteoporosis, hip fracture and degenerative knee problems. Women suffering from
osteoporosis receiving 72 sessions of WBV training had significant increase in peak
power of counter-movement jump (Stolzenberg et al., 2013b). For patients with hip
fracture, 8 months of WBV training increased wall squat and chair raise test by 120%
and 10.5%, respectively, and bone mineral density was preserved after training, but no
significant improvement in balance was found in the subjects (Beck & Norling, 2010).
Simão et al. (2012) found improvements in BBS and walking speed after 36
sessions of WBV training in the patients with knee osteoarthritis. In comparing WBV
training on a stable platform with conventional training on balance board, Trans et al.
(2009) found only the participants trained with WBV on a stable platform had
demonstrated significant increase in isokinetic knee extension and flexion, while
proprioception improved only in the group with balance board training, but not in the
group with WBV stable platform training. It is a readily explainable finding since the
balance board is specialized for training body balance. For total knee arthroplasty,
Johnson et al. (2010) reported the time for completing TUG decreased by 84.3% in the
WBV group after 36 sessions of training, which was slightly greater than the resistance
training group, which showed a decrease of 77.3%.
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For people with chronic stroke, the effects of long-term WBV training on muscle,
physical performance and balance were divergent. Some studies advocated long-term
WBV training had positive effects in the participants with chronic stroke. Lau et al.
(2012) reported an improvement in BBS, dynamic postural control, walking ability,
and isometric knee flexion and extension strength after 24 sessions of WBV training.
Similar findings were reported in another study with 18 sessions of training
(Tankisheva et al., 2014). However, Marí
n et al. (2013) conducted 36 sessions of WBV
training and found no effects of training programme on muscle thickness, isometric
muscle strength and BBS. The inconsistency between these two studies might be due
to the different training protocol. Lau et al. (2012) trained the subjects for 24 sessions
of dynamic exercise with WBV frequency ranged between 20Hz and 30Hz, while the
subjects in the study of Marí
n et al. (2013) only had static standing throughout the
training programme with frequency ranged from 5Hz to 21Hz. For spasticity,
Tankisheva et al. (2014) recently reported long-term WBV training did not have effect
in modulating the muscle tone. While Miyara et al. (2014) using short-term WBV
training of 5 minutes found Ashworth scale to have decreased and the range of motion
of lower-extremity and walking speed to increase after training.
After several sessions of WBV training, the self-preferred walking speed had
significantly increased by 13% in the patients with chronic obstructive pulmonary
disease (Furness et al., 2014), while the patients with diabetes did not show
improvements in physical performance (Del Pozo-Cruz et al., 2013). For people with
Parkinson’s disease, their balance performance improved after 30 sessions of WBV
training, but no difference was found between WBV and resistance training groups
(Eberbach et al., 2008).
According to these studies, WBV training could be an alternative therapy for
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treating many chronic diseases. Although it was suggested to be effective on these
conditions, no evidence was found to support WBV training was more beneficial than
the conventional resistance training (Eberbach et al., 2008; Johnson et al., 2010;
Stolzenberg et al., 2013b). However, considering special conditions of the patients with
these diseases, who might have difficulty to participate in conventional resistance
training at initial stage of physical therapy, WBV training is considered relatively safe,
comfortable and more controllable than conventional resistance training.

1.2.5 Optimal parameters for short-term WBV training
Previous studies had tried to explore the optimal parameters of WBV exerceise.
Some of the authors advocated high frequency and large amplitude to be optimal for
increasing muscle activity and strength (Krol et al., 2011; Lienhard et al., 2014; Marí
n
et al., 2014; Rønnestad, 2009; Tankisheva et al., 2013). Rønnestad (2009) found only
50Hz of WBV training could increase the loading of one repetition maximum of leg
extensors in half squat, while 20Hz and 35Hz had no effect on knee extensors strength.
Krol et al. (2011) stated the peak of activity in the leg muscles occurred when vibration
frequency was 60Hz and amplitude was 4mm. Also, Lienhard et al. (2014) compared 4
frequencies (25Hz, 30Hz, 35Hz and 40Hz) and 2 amplitudes (1.2mm and 2mm) of
vertical WBV and found 40Hz with 2mm could enhance the activity of most muscles
of the lower limbs. One interesting study that implemented WBV training only on one
leg reported 50Hz of vibration frequency could elicit the increase in the muscle activity
of vastus laterlis both in stimulated and non-stimulated leg better than 30Hz (Marí
n et
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al., 2014). According to these findings, it is plausible that reasonably high frequency
and amplitude would be more effective than the lower ones. However, the study by
Adams et al. (2009) reached an interesting result that low frequency with low
amplitude showed similar effects as the high frequency with high amplitude in peak
power of counter-movement jump. Meanwhile, they found no difference between high
and low amplitude as the frequency was at 40Hz, while high amplitude had greater
peak power than that at low amplitude when the frequency was increased to 50Hz
(Adams et al., 2009). Also, Ye et al. (2014) found that the trunk extension strength had
increased after training with the frequency at 25Hz, while the subjects received training
with 40Hz had decreased in endurance of trunk extensor muscles. Thus, it is of doubt
whether high frequency and large amplitude was consistently associated with greater
improvements in muscle performance.
Recently, studies had demonstrated there were different optimal frequencies for
different muscles (Di Giminiani et al., 2013; Pollock et al., 2010). Di Giminiani et al.
(2013) compared 9 frequencies (0Hz, 20Hz, 25Hz, 30Hz, 35Hz, 40Hz, 45Hz, 50Hz
and 55Hz) and found that 30Hz and 55Hz were the optimal frequencies for improving
muscle activity of vastus lateralis, whereas the lateral gastrocnemius responded better
at 30Hz than the other frequencies (Di Giminiani et al., 2013). This agreed with the
report by Pollock et al. (2010) that with side-alternating WBV training at 6 frequencies
(5Hz, 10Hz, 15Hz, 20Hz, 25Hz and 30Hz) and two amplitudes (2.5mm and 5.5mm),
the combination of 30Hz and 5.5mm was found to associate with the greatest EMG
activity in tibialis anterior, soleus and biceps femoris, but not with gluteus maximus,
which had the same response to different frequencies and amplitudes. Furthermore,
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there was a depression in muscle activity of rectus femoris in 15-25Hz (Pollock et al.,
2010). These two studies have shed light on the possibility for exploring the optimal
frequency and amplitude. The optimal frequency and amplitude may need to be
determined for each muscle individually. However, it is extremely complex and
inefficient to train individual muscles in the clinical scenario. Therefore, it is essential
to explore the most effective frequency for improving muscle performance as a whole
instead of individual muscles.
However, not all studies agreed that different frequencies and amplitudes would
have an effect on muscle activity and performance. Gerodimos et al. (2010) reported
no differences among 3 frequencies (15Hz, 20Hz and 30Hz) and 3 amplitudes (4mm,
6mm and 8mm) on peak power of squat jump. An explanation for no difference in the
study by Gerodimos et al. (2010) might be the insufficient level of stimulation. The
frequencies used in that study were lower than the other studies that reported the
different combinations of WBV training had effects on muscle performance. Although
the study of Amstrong et al. (2010) conducted WBV training with a sufficiently wide
frequency range (30Hz, 35Hz, 40Hz and 50Hz), it was still reported no difference in
counter-movement jump height for all groups. As the same training intensity, the
change of jump height might be more difficult to be detected than the change of muscle
activity, which was measured in the studies that found the effects of different
frequencies on muscle performance (Krol et al., 2011; Lienhard et al., 2014).
Besides frequency and amplitude, the total exposure time is an important
parameter of WBV training protocol. The exposure time of each session was used to
present the total amount of time involved in a training session. In order to explore the
most efficient exposure time, the duration per set of exercise and number of sets, were
45

discussed in some studies. Da Silva-Grigoletto et al. (2011) revealed 60 seconds was
the optimal set duration for 6 sets of vertical WBV training to improve the performance
of counter-movement and squat jumps. The participants with 30 and 90 seconds of
exercise showed decreases in jump performance (Da Silva-Grigoletto et al., 2011).
Moreover, they pointed out the session with 6 sets was the most effective design for
muscle performance. Therefore, the optimal exposure time might be 360 seconds for
one session (Da Silva-Grigoletto et al., 2011). However, Adams et al. (2009) found no
difference in muscle performance between the groups with session duration of 30, 45
and 60 seconds. Considering extremely short duration in one session in that study, it is
understandable that no effect of training duration was found.
All the above findings on the optimal training duration only consider the vertical
WBV training mode. Only one study by Stewart et al. (2009) investigated the optimal
duration for side-alternating WBV training mode and advocated the optimal set
duration for side-alternating WBV to be 120 seconds. The longer durations (240 and
360 seconds) induced the decreases by 2.7% and 6% in knee extensor strength,
respectively, which might be due to muscle fatigue after such long training bout
(Stewart et al., 2009). Therefore, it was clear that the optimal training duration should
be determined for the vertical and side-alternating WBV training modes differently.
Besides the parameters discussed above, Da Silva-Grigoletto et al. (2009)
investigated the optimal rest interval and discovered both 1-minute and 2-minute
recovery

time

could

significantly

increase

power

output

and

height

in

counter-movement and squat jumps. The increase in jump performance among the
participants with 2 minutes of recovery time was greater than those with 1 minute. No
significant improvement was found in the 3-minute group. Thus, they advocated a
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2-minute recovery period between sets would be the optimal choice (Da
Silva-Grigoletto et al., 2009).
The different platform designs of WBV machine and leg posture during exercise
would influence the effects of training. Knee bending was the common posture in the
WBV training. It attenuates the acceleration from feet to head, which would reduce the
load on the spine, thus maintain the safety of WBV training. For the side-alternating
WBV, smaller knee flexion angle would induce greater response of muscle activity of
vastus lateralis and biceps femoris (Abercromby et al., 2007). However, one study with
vertical WBV reported there was no difference between high squat (knee flexion angle
was 45°) and deep squat (knee flexion angle was 70°) in muscle activity (Tankisheva et
al., 2013). The results of the study of Tankisheva et al. (2013) need to be treated with
caution due to the small sample size and short exposure time.
Not as many studies investigated the optimal parameters for the short-term WBV
training in young adults, only few researchers explored the optimal frequency of
short-term vertical WBV training in older adults. Giombini et al. (2013) reported the
mean optimal frequency of short-term vertical WBV, determined by EMG of muscle
response, was 33Hz. Carlucci et al. (2015) found that compared with middle aged and
young women, the optimal frequency for muscle activities in vastus medialis, vastus
lateralis, rectus femoris and gastrocnemius lateralis were lower in older women.
However, one study applying the same acceleration with different parameters (30Hz
and 2.5mm, 46Hz and 1.1mm) reported no difference in the muscle activity between
the different combinations of frequency and amplitude (Marí
n et al., 2012). It is
noticeable that the exposure time in the study of Marí
n et al. (2012) was only 15
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seconds, which might not be sufficient for reflecting the difference between the two
frequencies.

1.2.6 Optimal parameters for long-term WBV training
Few studies were conducted to explore the optimal frequency and amplitude for
the long-term WBV training. Petit et al. (2010) trained 32 healthy young male subjects
with vertical WBV for 18 sessions and found only high frequency (50Hz) with high
amplitude (4mm) could enhance the muscle performance in knee muscle strength.
Chen et al. (2014) tried to determine the optimal frequency and amplitude of the
long-term WBV under identical acceleration, failed to demonstrate any effect of
frequency in jump height, impulse and displacement area of the body center of
pressure. However, they reported the participants with low frequency (18Hz) had
increased the muscle activity of rectus femoris in the counter-movement jump, whereas
the muscle activity had decreased in high frequency (32Hz). Since only two studies
have explored the optimal frequency and amplitude of long-term WBV training, it is
premature to draw a conclusion on the optimal frequency for training protocol.
Besides frequency and amplitude, Furness and Maschette (2009) conducted a
6-week side-alternating WBV training programme with 15-25Hz found 3 sessions per
week to be the most beneficial protocol for TUG, sit-to-stand test and Tinetti test score.
von Stengel et al. (2011) compared one-year of vertical and side-alternating WBV
training found both of them could induce more than 20% increase in leg strength.
However, there was no difference between those two WBV training modes on leg
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strength (von Stengel et al., 2011). Considering the different frequencies and
amplitudes used in vertical and side-alternating WBV training (side-alternating:
12.5Hz and 12mm; vertical: 35Hz and 1.7mm), it is still difficult to conclude that
vertical and side-alternating WBV had similar influence in muscle strength in older
people.

1.3 RATIONALE OF THE STUDY
Sarcopenia is an age-related loss of muscle mass has become a prevalent problem
in older population (Ronsenberg, 1997). As muscle mass loses with age, older people
with sarcopenia would have declined muscle strength to maintain the minimum
walking speed, balance and daily physical activity (Cruz-Jentoft et al., 2010; Fielding
et al., 2011). One of the serious consequences is fall (Landi et al., 2012), which could
lead to the chronic bed rest or even death (Landi et al., 2013).
Sarcopenia is caused by multiple factors, including both intrinsic and extrinsic.
Intrinsic factors mainly refer to age-related changes in the musculoskeletal and
endocrine systems (Delmonico et al., 2009; Gray et al., 1991). Extrinsic factors
primarily involve malnutrition and inactivity (Paddon-Jones et al., 2008; Rantanen et
al., 1999). To analyze the causes of sarcopenia, it is clear that exercise training,
nutritional supplementation and hormone injection would be the effective treatment for
the condition (Fielding et al., 2011; Gryson et al., 2014; Srinivas-Shankar et al., 2010).
Among these three treatments, exercise training is the most economical, controllable
and approachable in the daily life.
In the past decade, the positive effects of WBV training on improving muscle
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mass (Item et al., 2011; Machado et al., 2010), muscle strength (Roelants et al., 2004a;
Verschueren et al., 2004), physical performance (Bruyere et al., 2005) and balance
(Fort et al., 2012) were reported in both young and older people in most previous
studies. Considering the frail condition of older people with sarcopenia and the
relatively good efficiency of WBV training, it would be realistic to use WBV training
to the people with sarcopenia to improve their physical conditions. However, this
hypothesis has not been proved in the past as no study had applied WBV training for
combating the sarcopenia. It is meaningful for the clinical practice to examine whether
the WBV training is effective for managing sarcopenia.
As stated in section 1.2.5 and 1.2.6, many studies had tried to explore the optimal
parameters of the WBV training (Chen et al., 2014; Petit et al., 2010; Ye et al., 2014).
Some researchers concluded higher frequency could induce greater improvements than
the lower ones as the exposure time was fixed (Lienhard et al., 2014; Marí
n & Rhea,
2010; Marí
n et al., 2014). As noted, the production of the frequency and duration is the
total number of vibrations. It is obvious that the higher frequency would result in larger
number of vibrations, which would increase the dose that would influence the
outcomes of training. Thus, it is doubtful whether the higher frequency could obtain
better performance when the total number of vibrations was the same. As the
importance of frequency and exposure time for the total number of vibrations
determine the dosage, it would be meaningful to find the optimal combination of these
two determinants. Therefore, it is essential to explore the optimal combination of
frequency and exposure time of WBV training for improving physical condition of the
elderly with sarcopenia.
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1.4 OBJECTIVES
The specific objectives of this thesis were stated as below:
(1) To examine the effect of a 12-week WBV training programme for developing
muscle performance, physical performance and balance in elderly subjects with
sarcopenia (Chapter 3-5).
(2) To explore the optimal combinations of frequency and exposure time on
muscle performance, physical performance and balance in elderly subjects with
sarcopenia (Chapter 3-5).
(3) To determine whether the changes associated with a 12-week WBV training
programme could be maintained for 3 months after cessation of training (Chapter 3-5).
(4) To identify a possible underlying neuromotor mechanisms of the effect of a
12-week WBV training programme on muscle strength improvement (Chapter 6).

1.5 HYPOTHESES
The hypotheses for the study are as follow:
(1) A 12-week WBV training programme is effective for improving muscle
performance, physical performance and balance in elderly subjects with sarcopenia.
(2) Different combinations of frequency and exposure time would affect the
muscle performance, physical performance and balance in elderly subjects with
sarcopenia.
(3) The changes associated with a 12-week WBV training programme could be
maintained for 3 months after cessation of training
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(4) There is an effect of a 12-week WBV training programmme on the voluntary
activation of quadriceps muscle.
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CHAPTER
2
RELIABILITY OF
MEASUREMENTS

TEST-RETEST
THE OUTCOME

2.1 INTRODUCTION
In this chapter, the test-retest reliability of measurements for assessing muscle size,
strength, physical performance and balance were examined in the people with
sarcopenia. Although reliability of the measurements used in the main study were well
established in previous studies (Allen et al., 1995; Goldberg et al., 2012; Katoh &
Isozaki, 2014; Ries et al., 2009; Segura-Ortí& Martínez-Olmos, 2011; Whittaker &
Emery, 2014; Wong & Ng, 2010), the level of reliability of these measurements in
older people with sarcopenia had not been reported in the past. Therefore, it is
necessary to establish the reliability of these measurements for this population.

2.2 METHODS
2.2.1 Subjects
Subjects aged 65 years or above with no uncontrolled medical conditions attending
the Elderly Health Centers of Department of Health, Hong Kong, were invited to go
through a non-invasive screening test of bioelectrical impedance measurement so as to
estimate their absolute skeletal mass. An established formula (Chien et al., 2008;
Janssen et al., 2000a) was used to calculate the skeletal mass as follow:
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Skeletal mass = [0.401 × (height2/bio-impedance) + (3.825 × gender index) –
(0.071 × age) + 5.102]; Gender index for male = 1; female = 0
Absolute skeletal mass was converted to skeletal mass index by dividing with the
square of body height. Male and female participants with skeletal mass index less than
8.87kg/m2 and 6.42kg/m2, respectively, were classified as sarcopenia (Chien et al.,
2008) and were invited to participate in this study. Subjects with metal implants, severe
heart problem, neuro-degenerative diseases, peripheral vascular disease, vestibular
disorders or severe osteoporosis with fractures within 1 year prior to the study were
excluded from this study. All subjects gave their written consent (Appendix I or II)
before participating in the study. The procedures were reviewed and approved by the
Human Ethics Review Board of the Hong Kong Polytechnic University prior to
commencement of the study.

2.2.2 Study design
Two sessions of measurements were conducted at the same time on two separate
days. The interval of the testing sessions was 7 days apart. One researcher conducted
the two sessions of measurements. The test-retest reliabilities were examined in this
pilot study.

2.2.3 Outcome variables
2.2.3.1 Muscle mass assessment

The cross-sectional area (CSA) of vastus medialis (VM) of the dominant leg was
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measured with ultrasound imaging. The dominant leg was the leg used to kick a ball.
Participants were positioned in supine lying and a custom-made ankle stabilizer was
applied at the dominant ankle to keep the leg in neutral alignment (Figure 2). The
B-mode of An Aixplorer® ultrasound unit (Supersonic Imaging, Aix-en-Provence,
France) was used to capture the CSA of VM at the lower 1/3 of the leg (the length from
anterior superior iliac spine to the medial side of knee joint line space) above the base
of patella (Figure 3). Three images were captured for calculating the average CSA of
VM.

2.2.3.2 Muscle strength assessment

The dominant knee extension strength was evaluated with an isokinetic
dynamometer (Cybex Norm, Henley Healthcare, Nauppauge, NY, USA) (Figure 4).
Isometric strength was measured at a knee angle of 90°whereas dynamic contraction
performance was measured at two angular speeds of 60°/s and 180°/s. Participants
were seated on an isokinetic exercise chair with hip at 80°of flexion and knee axis
aligned with the dynamometer axis of rotation. The trunk and the tested leg were
firmly secured by straps to the chair. Each participant performed two trials with
submaximal effort for familiarization followed by three maximum contractions for the
actual data collection. A recovery period of 60 seconds between each testing session
was given. The maximum value of peak torque in the three trials was recorded for data
analysis.
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Figure 2: A custom-made ankle stabilizer. The ankle stabilizer was applied at the
dominant ankle to keep the leg in neutral alignment for muscle size measurement.
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Figure 3: Ultrasound probe placed at 1/3 of the leg above the base of patella. The leg
length was from anterior superior iliac spine to the medial side of knee joint line space.
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Figure 4: Maximal isometric knee extension at 90°. A participant was seated on an
isokinetic exercise chair with hip at 80° of flexion and knee axis aligned with the
dynamometer axis of rotation. The trunk and the thigh of the tested leg were firmly
secured by straps to the chair.
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2.2.3.3 Knee joint position (KJP)

Passive repositioning test was used to measure the knee joint position sense.
Participants were blindfolded and seated on an isokinetic chair (Cybex Norm, Henley
Healthcare, Nauppauge, NY, USA) with knee flexed (Wong & Ng, 2010). An inflatable
air splint (Model 70-008, Svend Andersen, Haarlev, Denmark) was applied to the lower
leg to eliminate the tactile clue (Barrack et al., 1983). The position channel of the
isokinetic dynamometer was connected to a digital microprocessor that displayed
real-time joint angle with an accuracy of 0.1°. A remote control switch connected to a
digital microprocessor was given to the subject for indicating the knee joint angle.
During the test, the researcher would hold the participant’s dominant leg and
placed it in one of five positions (20°, 30°, 40°, 50° and 60°) for five seconds in
random and the participant would be asked to memorize that position. Then the leg was
returned to the resting position (90°of knee flexion). After 10 seconds, the researcher
would move the participant’s leg at an angular speed of around 0.5°/s (Barrett, 1991)
and the participant would press the remote control button when he/she perceived that
the knee had reached the tested angle (Figure 5). Three trials were conducted and the
mean difference between the tested angle and the angle indicated by the participant
was calculated (Fremerey et al., 2000).
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Figure 5: Setup for knee joint position test. A participant was seated on an isokinetic
exercise chair with hip at 80°of flexion and knee axis aligned with the dynamometer
axis of rotation. An inflatable air splint was applied to the lower leg to minimize
sensory input.
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2.2.3.4 Timed-up-and-go test (TUG)

The timed-up and go test (TUG) measured the time taken by an individual to
stand up from an arm chair, walk a distance of 3 meters, turn and walk back to the chair,
and sit down (Podsiadlo & Richardson, 1991) (Figure 6). The participant wore their
regular footwear and used their customary walking aid (none, cane, walker) to finish
this test in their normal pace. No physical assistance was given during the test. The
participant practiced the test twice before the actual measurement. Three trials were
performed for actual measurement and the average time of the three trials were used
for data analysis.

Figure 6: Time up-and-go test (TUG).

2.2.3.5 Five-repetition sit-to-stand test (5STS)

The test was conducted with the participant sitting on a chair of 43-47cm high with
back leaning against the backrest, arms crossed in front of the chest and feet
comfortably rested on the floor. The test was demonstrated to the participant by the
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researcher before data collection. During each trial, the participant would need to
perform sit-to-stand for five times as quickly as possible. Timing began when the
researcher said “start” and stopped when the participant's buttocks reached the seat
after the fifth stand. The average time of three trials was calculated and used for data
analysis.

2.2.3.6 10-meter walk test (10MWT)

This was assessed at both self-preferred and maximum walking speeds. The
self-preferred walking speed was recommended as a practical parameter for diagnosis
of sarcopenia (Cruz-Jentoft et al., 2010). The time was measured only for the middle 6
meters (Wolf et al., 1999) (Figure 7). The first and last two meters were to let the
participant accelerate and decelerate. Timing would start and stop as the leading feet
passed the 2-meter and 8-meter marks, respectively. Walking aid could be used in this
test. The average walking speed of the three trials was recorded and used in data
analysis.

Figure 7: The 10-meter walk test (10MWT).
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2.2.3.7 Tandem stance test

This is a recommended test in the short physical performance battery by European
Working Group on Sarcopenia in Older People as an assessment component for
physical performance of sarcopenia (Cruz-Jentoft et al., 2010). Participants were
instructed to stand with their arms down by the sides and eyes fixed on a marked point
at the eye level. Three trials were allowed for this test. Timing started when the
participant has acquired a steady stance with feet in tandem and stopped when the
steadiness could not be maintained or the participant moved either foot. The target
standing time was set as 30 seconds. If a participant could not hold the tandem stance
for this long, the best performance of the three trails was recorded for analysis. One
minute of rest was given between trials.

2.2.3.8 One-leg stand (OLS)

Each participant was instructed to start in a position with a comfortable base of
support with arms by the sides of the trunk and then stand unassisted on the dominant
leg with eyes open or closed (two conditions). The OLS was timed from the instance
when a foot was lifted from the floor until that foot touched the ground or the other leg.
Three trials were performed with each condition (eyes open or closed). One minute of
rest was given between each trial. The target standing time was set as 30 seconds. If a
participant could not hold the one leg stand position for this long, the best performance
of the three trials was recorded for analysis.
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2.2.4 Statistical analysis
The absolute value of each variable was presented as mean and standard deviation.
Test-retest reliability of muscle strength, tandem stance test and OLS was evaluated by
intraclass correlation coefficient (ICC) of model (3,1) and model (3,3) was used to
analyze the reliability of all other measurements. The 95% confidence interval was also
reported.

2.3 RESULTS
Seven subjects (Age: 76±5 years; Height: 158.7±7.1 cm; Weight: 57.3±6.8kg; BMI:
22.8±2.6; Male: n=3; Female: n=4) participated in this pilot study of evaluating the
test-retest reliability of the measurements used in the main study. The ICC (3,1) ranged
from 0.75 to 0.99 (Table 1), which revealed the measurements had good (ICCs
between 0.61 and 0.80) or excellent (ICCs between 0.81 and 1.0) test-retest reliability
(Pittenger, 2003)

2.4 Discussion
The purpose of this pilot study was to determine the test-retest reliability of the
muscle size, strength, TUG, 5STS, 10MWT, KJP, tandem stance test and OLS in older
people with sarcopenia. Test-retest reliability is essential for the consistency of same
participant for a particular test (Weir, 2005). It was recommended that the clinically
acceptable test-retest reliability should be larger than 0.70 (Nunnally & Bernstein,
1994). In the present study, the test-retest reliability of all measurements was above
64

0.70. Therefore, all measurements were reliable for evaluating physical conditions in
the people with sarcopenia. There was one limitation in this pilot study. The absolute
reliability was not examined. However, the absolute reliability would not influence the
results of main study since the effect of the absolute reliability would be eliminated in
the comparisons of repeated measurements.

2

Test 1
Test 2
Mean (SD)
4.32(1.25)
4.17 (1.01)

ICC
0.92

95%CI
0.532, 0.986

CSA of VM (cm )
Peak torque of
isometric knee
98.29 (42.65) 97.57 (40.63) 0.99
0.910, 0.997
extension (Nm)
Peak torque of knee
extension at 180°/s
35 (19.11)
35.43 (17.99) 0.99
0.962, 0.999
(Nm)
Peak torque of knee
extension at 60°/s
60.43 (28.65) 62.57 (27.12) 0.97
0.814, 0.995
(Nm)
TUG (s)
14.83 (2.74)
14.17 (2.83)
0.95
0.729, 0.992
5STS (s)
13.70 (3.88)
13.28 (3.62)
0.95
0.696, 0.991
10MWT at
self-preferred speed
0.95 (0.13)
0.91 (0.08)
0.90
0.443, 0.984
(m/s)
10MWT at maximum
1.39 (0.23)
1.43 (0.19)
0.95
0.682, 0.991
speed (m/s)
KJP （degree）
6.36 (4.07)
5.23 (3.78)
0.75
-0.442, 0.957
Tandem test (s)
21.43 (11.07)
25.43 (8.54)
0.84
0.075, 0.973
OLS with eyes open
13.90 (10.41) 18.50 (10.79) 0.89
0.376, 0.982
(s)
OLS with eyes closed
5.85 (5.99)
3.64 (3.48)
0.84
0.061, 0.972
(s)
Table 1: The test-retest reliability of all outcome measurements. ICC: Intraclass
correlation coefficient; 95%CI: 95% Confidence Interval; CSA: cross-sectional area;
VM; vastus medialis; TUG: Timed up-and-go test; 5STS: Five-repetition sit-to-stand
test; 10MWT: 10-meter walking test. KJP: knee joint position. OLS: one-leg stand.
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CHAPTER 3 MAIN STUDY DESIGN
3.1 SUBJECTS
The recruitment of participants was held in the Shatin Elderly Health Center of
Department of Health. The diagnosis for sarcopenia was reported in section 2.2.1.
After recruitment, participants were randomly divided into 4 groups by a computer
program (Research Randomizer Form), namely, (a) low frequency and long exercise
duration group (LG), (b) medium frequency and medium exercise duration group
(MG), (c) high frequency and short exercise duration group (HG), and (d) control
group with no vibration (CG). The procedures of the study were reviewed and
approved by the Human Ethics Review Board of the Hong Kong Polytechnic
University prior to commencement of the study. Each participating subject gave
voluntary informed written consent before joining the study (Appendix I or II).

3.2 INTERVENTIONS
All WBV training sessions were held at the Sports Training Laboratory of
Department of Rehabilitation Sciences of Hong Kong Polytechnic University and
supervised by a researcher. Training was implemented at 3 days/week for 12 weeks.
The training of each day comprised 14,400 vertical vibrations, which were divided
into four sessions with each session comprising 3,600 repetitions of vibration. No
warm-up exercises were given before WBV training. Five minutes of rest were given
between training sessions to avoid over exertion of the participants.
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The WBV parameters for HG were 60Hz × 240 seconds, MG were 40Hz × 360
seconds and LG were 20Hz × 720 seconds. The peak-to-peak amplitude was set at
4mm for all training groups. During training, the participants stood barefoot with knee
joint flexed by 60°on the platform of WBV machine (Fitvibe excel, GymnaUniphy
NV, Bilzen, Belgium) and hands holding onto the rail in front for support (Figure 8).
A soft mat supplied by Fitvibe manufacturer was placed on the vibration platform
during all training sessions according to the recommendation of the manufacturer. A
manual goniometer was used to monitor the knee joint angle before and after each
training session. All participants were advised to keep their lifestyle and physical
activities as usual during the study period.

3.3 OUTCOME MEASUREMENTS
The outcome measurements were described in section 2.2.3. The CSA of vastus
medialis was used to test muscle mass. Isometric and isokinetic knee extension were
used to test muscle performance. TUG, 5STS and 10MWT were used to test physical
performance. KJP, tandem stance and OLS were used to test balance. All outcome
variables were conducted by the researcher who supervised WBV training. Except for
the twitch interpolation measurement, the outcome measurements were conducted for
all subjects for five times, which were separately conducted at pre- (week 0), mid(week 6), post-intervention (week 12), mid-follow-up (week 18) and final follow-up
(week 24).

67

Figure 8: Participant standing on the whole body vibration platform during the
training session.
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3.4 STATISTICAL ANALYSIS
Kolgomorov-Smirnov test was used to examine whether the data followed a
normal distribution. To compare the baseline characteristics of the four groups,
one-way ANOVA (for data with normal distribution) and Kruskal-Wallis test (for data
with non-normal distribution) were conducted.
Two-way repeated measures ANOVA (time × group) was used to analyze the raw
data for examining the effects of WBV on muscle size, strength, balance and physical
function. Contrast analysis would be conducted to analyze the raw data to examine
the within-group changes of each group.
Percentage change from baseline (mid-term minus pre; post minus pre;
mid-follow-up minus pre; follow-up minus pre)/pre × 100 in outcome variables were
calculated. Between-group differences were tested using one-way ANOVA with
Bonferroni post hoc to analyze the percentage changes from baseline. The last
observation carried forward method (LOCF) of intention-to-treat (ITT) analysis was
used for data analysis (Partney & Watkins, 2009).
Descriptive analyses were reported as means ± standard deviation. SPSS 20.0
(SPSS Inc., Chicago, Illinois, USA) was used for statistical analysis. Significance
level was set at p<0.05, unless otherwise state.
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CHAPTER 4 RESULTS OF MAIN STUDY
4.1 SUBJECTS
Eighty participants were recruited for baseline assessments. Among them, 70 had
completed the study. The subjects comprised 17 in LG, 17 in MG, 18 in HG and 18 in
CG. Ten withdrew from this study (Figure 9) with six due to accidental falls not
related to this study, one due to a surgery planned before this study, two due to other
health problems (Pneumonia and knee pain), and one moved to another country to
live with her son midway into the study.
No side effect was reported from the participants during and after training. Except
CSA, isometric knee extension, KJP, tandem and OLS, most outcome variables were
normal distribution. Baseline characteristics of the four groups for the ITT analysis
are summarized in Table 2-4. There was no significant difference at baseline between
groups in physical characteristics and all the outcome variables (p>0.05).

4.2 CSA OF VM
There was no significant time (F4,304=1.172, p=0.32) or time × group interaction
effect (F12,304 =0.52, p=0.902) in CSA of VM (Figure 10). No significant within-group
differences were found in CSA of VM in any of the four groups at the five assessment
time points (p>0.05) (Table 5 and 6). Also, no significant between-group difference
was found in CSA of VM at all assessment time points (p>0.05).
Although without statistical significance, all training groups showed an increase
in CSA after 36 sessions of WBV training, while control group had a decrease. In the
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12-week follow-up period, subjects in both training groups and control group showed

Assessed for eligibility (n=503)

Excluded (n=165)
Not meeting inclusion
criteria (n=108)
Declined to participate
(n=312)
Randomized (n=80)

Other reasons (n=3)

Allocated to LG

Allocated to MG

Allocated to HG

Allocated to CG

(n=20)

(n=20)

(n=20)

(n=20)

Completed study

Completed study

Completed study

Completed study

(n=17)

(n=17)

(n=18)

(n=18)

Discontinued

Discontinued

Discontinued

Discontinued

training (n=3)

training (n=3)

training (n=2)

follow-up (n=2)

Fall (n=2)

Fall (n=2)

Fall (n=1)

Fall (n=1)

Moved to other
city (n=1)

Pneumonia
(n=1)

Surgery (n=1)

Knee pain (n=1)

Intention-to-treat

Intention-to-treat

Intention-to-treat

Intention-to-treat

analysis (n=20)

analysis (n=20)

analysis (n=20)

analysis (n=20)

Figure 9: Flowchart of subject group assignment for the study.
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LG (n=20)

MG (n=20)

HG (n=20)

CG (n=20)

Percentage of males

35%

35%

25%

25%

Age (yrs)

78(4)

75(6)

74(5)

76(6)

0.114

Height (cm)

153.4(8.4)

156.1(8.8)

152.9(8.7)

152.1(8.3)

0.482

Weight (kg)

56.3(10.3)

56.9(6.40)

56.6(9.4)

55.3(8.4)

0.947

BMI (kg/m )

23.85(3.41)

23.44(2.47)

24.22(3.56)

23.83(2.65)

0.885

SMI (kg/m2)

6.57(1.37)

6.44(1.03)

6.33(1.28)

6.39(1.31)

0.941

2

p value

Table 2: The demographic characteristics of the participants at baseline assessment (Mean(SD)). LG: low-frequency group; MG:
Medium-frequency group; HG: High-frequency group; CG: Control group; BMI: Body mass index; SMI: Skeletal mass index. The p values
were for between-group comparisons.
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CSA of VM (cm )

LG (n=20)
4.17(1.29)

MG (n=20)
4.13(1.21)

HG (n=20)
4.28(1.35)

CG (n=20)
4.25(1.19)

p value
0.980

Peak torque of isometric knee extension (Nm)

70.6(24.98)

86.30(32.99)

81.10(26.37)

82.30(26.06)

0.330

Peak torque of knee extension at 180°/s (Nm)

26.05(13.43)

27.90(17.26)

28.45(11.86)

33.30(12.10)

0.398

Peak torque of knee extension at 60°/s (Nm)

54.50(25.56)

55.35(26.92)

55.05(18.34)

56.30(17.26)

0.995

2

Table 3: The muscle performance of the participants at baseline assessment (Mean(SD)). LG: low-frequency group; MG: Medium-frequency
group; HG: High-frequency group; CG: Control group; CSA: cross-sectional area; VM; vastus medialis. The p values were for between-group
comparisons.
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LG (n=20)

MG (n=20)

HG (n=20)

CG (n=20)

p value

TUG (s)
13.36(2.62)
13.58(2.61)
12.06(2.92)
12.28(2.76)
0.207
5STS (s)
14.11(7.02)
12.96(2.83)
11.93(2.14)
11.54(3.42)
0.235
10MWT at self-preferred speed (m/s)
0.94(0.13)
0.96(0.19)
1.08(0.22)
1.03(0.17)
0.064
10MWT at maximum speed (m/s)
1.38(0.29)
1.37(0.31)
1.44(0.27)
1.45(0.23)
0.738
KJP
5.29(2.38)
4.84(2.50)
4.74(2.95)
4.55(2.61)
0.831
Tandem test (s)
20.81(20.97)
24.73(9.68)
24.13(10.66)
22.75(10.94)
0.655
OLS with eyes open (s)
10.46(9.79)
14.26(9.93)
13.62(12.09)
17.56(12.49)
0.260
OLS with eyes closed (s)
1.04(1.89)
3.32(3.77)
2.93(3.77)
3.81(3.74)
0.061
Table 4: The physical and balance performance of the participants at baseline assessment (Mean(SD)). LG: low-frequency group; MG:
Medium-frequency group; HG: High-frequency group; CG: Control group; TUG: Timed up-and-go test; 5STS: Five-repetition sit-to-stand test;
10MWT: 10-meter walking test. KJP: knee joint position. OLS: one-leg stand. The p values were for between-group comparisons.
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Figure 10: Ultrasound image of 1/3 of the leg length above the base of patella. The
length is from anterior superior iliac spine (ASIS) to the medial side of joint line
space. RF: Rectus femoris; VI: Vastus intermedius; SA: Sartorius; VM: Vastus
medialis; AL: Adductor longus.
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LG (n=20)
2

Mid
4.14(1.19)

Post
4.20(1.41)

MG (n=20)
Mid
4.14(1.23)

Post
4.18(1.23)

HG (n=20)
Mid
Post
4.28(1.32)
4.26(1.30)

CG (n=20)
Mid
Post
4.19(1.12)
4.11(1.23)

CSA of VM (cm )
Peak torque of
isometric knee
76.05(25.95) 80.35(24.54) 91.25(23.98) 94.50(34.09)* 89.85(29.56) 90.25(30.67) 82.00(24.16) 81.00(22.99)
extension (Nm)
Peak torque of knee
extension at 180°/s 30.8(13.53)** 33.55(14.07)** 33.25(13.69) 38.60(19.18)** 32.20(10.99) 31.25(13.25) 34.75(12.26) 33.15(13.19)
(Nm)
Peak torque of knee
extension at 60°/s 55.80(21.47) 59.45(22.92)* 60.50(19.62) 66.60(27.43)* 60.60(18.30)* 59.25(20.20) 54.20(15.65) 58.50(20.59)
(Nm)
Table 5: The within-group changes on muscle performance in the training period (Mean(SD)). LG: low-frequency group; MG:
Medium-frequency group; HG: High-frequency group; CG: Control group; CSA: cross-sectional area; VM; vastus medialis. Mid: completion
half training session (18 sessions); Post: completion all training session (36 sessions). The p values were for within-group comparisons versus
baseline; * p<0.05 and ** p<0.01.
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LG (n=20)
MG (n=20)
HG (n=20)
CG (n=20)
Mid-follow-up Follow-up Mid-follow-up Follow-up Mid-follow-up Follow-up Mid-follow-up Follow-up
2
CSA of VM (cm )
4.14(1.32)
4.14(1.36)
4.14(1.20)
4.13(1.09)
4.20(1.38)
4.16(1.36)
4.12(1.28)
4.11(1.27)
Peak torque of
isometric knee
77.35(23.53)* 77.90(23.50) 93.90(33.49) 92.15(31.55) 92.85(34.64) 89.20(34.31) 82.90(24.97) 82.85(23.91)
extension (Nm)
Peak torque of knee
extension at 180°/s 33.75(14.40)** 31.00(13.35)* 35.50(16.28) 37.05(16.99)** 32.20(12.21) 33.95(13.52)* 33.95(15.68) 32.1(8.87)
(Nm)
Peak torque of knee
extension at 60°/s 57.50(21.12) 55.50(22.99) 66.70(26.41)** 62.35(23.05)** 62.20(21.56)*& 59.35(22.29) 56.70(19.29) 55.85(17.04)
(Nm)
Table 6: The within-group changes on muscle performance in the follow-up period (Mean(SD)). LG: low-frequency group; MG:
Medium-frequency group; HG: High-frequency group; CG: Control group; CSA: cross-sectional area; VM; vastus medialis; Mid-follow-up: 6
weeks after training cessation; Follow-up: 12 weeks after training cessation. * p<0.05 and ** p<0.01, the p values were for within-group
comparisons versus baseline; & p<0.05, the p values were for within-group comparisons versus post-intervention assessment.
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a decrease in CSA of VM without statistical significance (p>0.05).

4.3 MUSCLE STRENGTH
4.3.1 Isometric knee extension
There was a significant time effect (F4, 304=5.15, p<0.001) but not time × group
interaction effect (F12, 304=0.836, p=0.614) in peak torque of isometric knee extension.
All three training groups showed more than 15% increase in isometric knee extension
peak torque after completing the training sessions. Significant within-group
improvement in isometric knee extension was found in MG (F1, 19=6.822, p=0.017)
(Table 5). In the mid-follow-up period, only MG had maintained the improvement,
while the other groups showed no significant difference from their respective values
measured at baseline. In the 12-week follow-up period, no significant decrease was
found in all groups (Table 6).

4.3.2 Isokinetic knee extension at 180°/s
There were significant time (F4,

304=10.104,

p<0.001) and time × group

interaction effects (F12, 304=2.529, p=0.003) in isokinetic knee extension peak torque at
180°/s. Both LG and MG had significant improvements in this outcome parameter
after 36 training sessions (LG: F1, 19=16.712, p=0.001; MG: F1, 19=9.372, p=0.006).
During the first half of the training period, only LG had significant increase (F1,
19=8.342,

p=0.009), while both LG and MG had significant increase in the second half

of the training period (LG: F1, 19=6.718, p=0.018; MG: F1, 19=8.337, p=0.009) (Table
78

5).
Even there were slight decrease in the follow-up period, all three training groups
showed better performance at the end of the follow-up period than at baseline (LG: F1,
19=8.218,

p=0.010; MG: F1, 19=9.518, p=0.006; HG: F1, 19=7.126, p=0.015) (Table 6).

Between-group difference in percentage change was significant between MG and
CG at post-intervention (mean difference: 66.616, 95%CI: 4.29 to 128.94, p=0.03)
and 12-week follow-up completion (mean difference: 54.085, 95%CI: 1.93 to 106.24,
p=0.038) (Figure 11).

4.3.3 Isokinetic knee extension at 60°/s
There was a significant time effect (F4, 304=7.084, p<0.001) but not time × group
interaction effect (F12, 304=1.469, p=0.134) in isokinetic knee extension peak torque at
60°/s. Both LG and MG showed significant improvements in this outcome parameter
after 36 training sessions (LG: F1, 19=4.827, p=0.041; MG: F1, 19=7.056, p=0.016)
(Table 5).
Although without a statistically significant improvement after completion all the
training sessions, HG showed a significant increase in the first half of the training
period (F1, 19=6.055, p=0.024) and first half of the follow-up period (F1, 19=4.828,
p=0.041), while LG had significant increase in the second half of the training period
(F1, 19=6.656, p=0.018). MG decreased more than 10% in the second half of the
follow-up period (F1, 19=6.271, p=0.022), but the muscle performance of this group at
the follow-up assessment time point was still better than that at baseline (F1, 19=8.952,
p=0.007) (Table 6).
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Between-group differences were found only in the MG and CG comparison at
mid-intervention (mean difference: 28.00, 95%CI: 2.69 to 53.31, p=0.022) and at
mid-follow-up (mean difference: 31.50, 95%CI: 0.92 to 62.08, p=0.040). The
differences between MG and CG at post-intervention and the follow-up time point
were not significant (Post-intervention: mean difference: 34.49, 95%CI: -0.97 to
69.95, p=0.061; follow-up: mean difference: 22.33, 95%CI: -0.93 to 45.59, p=0.067)
(Figure 12).
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Figure 11: The group differences in percentage changes of knee extension strength at
180°/s. LG: low-frequency group; MG: Medium-frequency group; HG:
High-frequency group; CG: Control group; Mid: completion half training session (18
sessions); Post: completion all training session (36 sessions); Mid-follow-up: 6 weeks
after training cessation; Follow-up: 12 weeks after training cessation. * p<0.05 vs.
CG.
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Figure 12: The group differences in percentage changes of knee extension strength at
60°/s. LG: low-frequency group; MG: Medium-frequency group; HG:
High-frequency group; CG: Control group; Mid: completion half training session (18
sessions); Post: completion all training session (36 sessions); Mid-follow-up: 6 weeks
after training cessation; Follow-up: 12 weeks after training cessation. * p<0.05 vs. CG.
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4.4 PHYSICAL PERFORMANCE
4.4.1 TUG
There were significant time effect (F4, 304=13.413, p<0.001) and time × group
interaction effect (F12,

304=3.333,

p<0.001) in TUG. Both LG and MG showed

significant improvements in this outcome parameter after 18 (LG: F1,

19=10.761,

p=0.004; MG: F1, 19=8.386, p=0.009) and 36 training sessions (LG: F1, 19=23.468,
p<0.001; MG: F1, 19=20.492, p<0.001). Meanwhile, the time spent for TUG had also
significantly decreased in MG during the second half of the training period (F1,
19=9.605,

p=0.006) (Table 7).

At the 12-week follow-up assessment, both LG and MG showed significantly
longer time than that measured immediately after training (LG: F1, 19=16.584, p=0.001;
MG: F1,

19=13.984,

p=0.001). In LG, the increase in time for TUG had mainly

occurred in the second half of the follow-up period (F1, 19=20.665, p<0.001), whereas
in MG, the increase was in the first half of the follow-up period (F1,

19=27.501,

p<0.001). Although the time for performing TUG became longer after cessation of
training, both LG and MG could maintain their improvements than at baseline (LG:
F1,

19=22.853,

p<0.001; MG: F1,

19=12.190,

p=0.002). No statistically significant

difference was found in HG and CG during the training and follow-up period (p>0.05)
(Table 8).
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LG (n=20)
Mid
12.26(2.85)**
12.56(5.45)

Post
11.72(2.76)**
11.75(5.26)*

MG (n=20)
Mid
12.31(2.01)**
11.12(2.32)**

Post
11.32(1.72)**
10.46(2.28)**

HG (n=20)
Mid
11.88(2.35)
11.08(2.24)*

Post
11.54(2.25)
11.05(2.20)*

CG (n=20)
Mid
Post
12.85(3.96) 12.38(3.21)
11.84(3.36) 11.40(2.99)

TUG (s)
5STS (s)
10MWT at
self-preferred
0.98(0.12)*
1.01(0.15)**
1.00(0.13)
1.05(0.16)*
1.07(0.17)
1.07(0.15)
1.03(0.17)
1.02(0.17)
speed (m/s)
10MWT at
maximum
1.44(0.28)*
1.48(0.23)*
1.46(0.27)**
1.48(0.27)
1.49(0.24)
1.47(0.26)
1.43(0.30)
1.46(0.27)
speed (m/s)
Table 7: The within-group changes on physical performance in the training period (Mean(SD)). LG: low-frequency group; MG:
Medium-frequency group; HG: High-frequency group; CG: Control group; TUG: Timed up-and-go test; 5STS: Five-repetition sit-to-stand test;
10MWT: 10-meter walking test. Mid: completion half training session (18 sessions); Post: completion all training session (36 sessions). The p
values were for within-group comparisons versus baseline; * p<0.05 and ** p<0.01.
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LG (n=20)
MG (n=20)
HG (n=20)
CG (n=20)
Mid-follow-up Follow-up Mid-follow-up
Follow-up
Mid-follow-up Follow-up Mid-follow-up Follow-up
11.78(2.73)** 12.90(2.84)&& 11.90(1.53)**&& 12.02(1.79)**&& 11.54(2.07) 11.76(1.95) 12.00(2.87) 12.63(2.89)
12.34(5.08)& 13.14(4.94)&& 11.03(2.15)**& 11.41(2.07)*&& 11.33(2.36) 11.54(2.10)& 11.15(3.13) 11.72(2.93)

TUG (s)
5STS (s)
10MWT at
self-preferred
1.01(0.14)** 0.99(0.13)*
1.04(0.14)*
1.02(0.15)
1.08(0.18)
1.03(0.16)
1.04(0.13)
1.00(0.14)*
speed (m/s)
10MWT at
maximum speed
1.43(0.24)& 1.42(0.25)&&
1.43(0.24)
1.40(0.25)&&
1.47(0.25)
1.44(0.22)
1.45(0.21)
1.40(0.23)
(m/s)
Table 8: The within-group changes on physical performance in the follow-up period (Mean(SD)). LG: low-frequency group; MG:
Medium-frequency group; HG: High-frequency group; CG: Control group; TUG: Timed up-and-go test; 5STS: Five-repetition sit-to-stand test;
10MWT: 10-meter walking test; Mid-follow-up: 6 weeks after training cessation; Follow-up: 12 weeks after training cessation. * p<0.05 and **
p<0.01, the p values were for within-group comparisons versus baseline; & p<0.05 and && p<0.01, the p values were for within-group
comparisons versus post-intervention assessment.
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Between-group differences between MG and CG were found at mid-intervention
(mean difference: 12.43, 95%CI: 0.40 to 24.46, p=0.039), post-intervention (mean
difference: 15.76, 95%CI: 5.46 to 26.06, p=0.001) and follow-up assessments (mean
difference: 13.23, 95%CI: 0.78 to 25.67, p=0.031). The differences between LG and
CG at mid- and post-intervention were significant (mid-intervention: mean difference:
12.27, 95%CI: 0.24 to 24.30, p=0.043; post-intervention: mean difference: 12.66,
95%CI: 2.36 to 22.96, p=0.008). At the post-intervention assessment, MG also
demonstrated better performance than HG (mean difference: 12.40, 95%CI: 2.10 to
22.70, p=0.010) (Figure 13).

4.4.2 5STS
There was a significant time effect (F4, 304=11.799, p<0.001) but not a significant
time × group interaction effect (F12, 304=1.992, p=0.087) in 5STS. All training groups
showed significant improvements in this outcome parameter after 36 training sessions
(LG: F1, 19=4.993, p=0.038; MG: F1, 19=13.995, p=0.001; HG: F1, 19=5.816, p=0.026).
In MG and HG, significant decreases in time for 5STS were demonstrated in the first
half of the training period (MG: F1, 19=12.314, p=0.002; HG: F1, 19=5.142, p=0.035).
The change in LG was mainly in the second half of the training period (LG: F1,
19=9.428,

p=0.006) (Table 7). Only MG showed significantly better performance at

the end of the follow-up period (F1, 19=7.963, p=0.011). No improvement was found
in CG during training and the follow-up assessment time points (Table 8).
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Figure 13: The group differences in percentage changes of Timed-up-and-go test. LG:
low-frequency group; MG: Medium-frequency group; HG: High-frequency group;
CG: Control group; Mid: completion half training session (18 sessions); Post:
completion all training session (36 sessions); Mid-follow-up: 6 weeks after training
cessation; Follow-up: 12 weeks after training cessation. * p<0.05, ** p<0.01 vs. CG.
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Between-group differences in 5STS were only found between MG and CG at
mid-intervention (mean difference: 15.71, 95%CI: 3.21 to 28.21, p=0.006) and
post-intervention (mean difference: 16.10, 95%CI: 3.04 to 29.16, p=0.008) (Figure
14).

4.4.3 Self-preferred walking speed
There was a significant time effect (F4, 304=4.147, p=0.003) but not time × group
interaction effect (F12, 304=1.873 p=0.056) in self-preferred walking speed. Both LG
and MG showed significant improvements in this outcome parameter after 36 training
sessions (LG: F1,

19=8.683,

p=0.008; MG: F1,

19=5.594,

p=0.029) (Table 7). No

significant decreases were found in the 12-week follow-up (Table 8). Between-group
difference in self-preferred walking speed was only found in the MG and CG
comparison at post-intervention time point (mean difference: 12.03, 95%CI: 0.35 to
23.71, p=0.012) (Figure 15).

4.4.4 Maximum walking speed
There was a significant time effect (F4, 304=5.595, p<0.001) but not time × group
interaction effect (F12, 304=1.021 p=0.429) in maximum walking speed. Both LG and
MG showed significant improvements after 18 training sessions (LG: F1, 19=4.900,
p=0.039; MG: F1, 19=11.314, p=0.003) (Table 7). Significant decreases were found in
both LG and MG during the 12-week follow-up period (LG: F1, 19=9.478, p=0.006;
MG: F1, 19=8.797, p=0.008). There was 2.97% decrease in CG during the 12-week
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follow-up period (F1,

19=4.849,

p=0.040) (Table 8). Between-group difference in

maximum walking speed was only found in the MG and CG comparison at
mid-intervention (mean difference: 10.02, 95%CI: 0.20 to 19.83, p=0.043) (Figure
16).

4.5 BALANCE
4.5.1 Proprioception
There was neither a significant time effect (F4, 304=0.564, p=0.689) nor a time ×
group interaction effect (F12, 304=1.348, p=0.537) in the knee joint position test (Table
9 and 10). No between-group difference was found for this outcome measurement
(p>0.05).

4.5.2 Tandem stance
There was not a significant time effect (F4, 304=1.893, p=0.112) or a time × group
interaction effect (F12, 304=1.227, p=0.263) in the tandem stance test (Table 9 and 10).
No between-group difference was found in all the group comparisons for this test
(p>0.05).

4.5.3 One-leg stand (OLS) with eyes open
There was not a significant time effect (F4, 304=2.022, p=0.091) or a time × group
interaction effect (F12, 304=0.733, p=0.719) in the OLS test with eyes open. Significant
increase in time for OLS with eyes open was found in MG at mid- and
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post-intervention (Mid-intervention: F1,
19=5.851,

19=6.963,

p=0.016; post-intervention: F1,

p=0.026) (Table 9). The improvement in MG was preserved for 12 weeks

(F1, 19=5.282, p=0.033) (Table 10). No between-group difference was found in all the
group comparisons for OLS with eyes open (p>0.05).

4.5.4 One-leg stand (OLS) with eyes closed
There were a significant time effect (F4, 304=7.948, p=0.001) but not a time ×
group interaction effect (F12, 304=1.466, p=0.136) in the OLS test with eyes closed.
Both LG and HG had significant increases after 36 training sessions (LG: F1,
19=13.742,

p=0.001; HG: F1,

19=6.640,

p=0.018) (Table 9). However, no

between-group difference was found in OLS with eyes closed (p>0.05).
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Figure 14: The group differences in percentage changes of Five-repetition sit-to-stand. LG:
low-frequency group; MG: Medium-frequency group; HG: High-frequency group; CG:
Control group; Mid: completion half training session (18 sessions); Post: completion all
training session (36 sessions); Mid-follow-up: 6 weeks after training cessation; Follow-up: 12
weeks after training cessation. ** p<0.01 vs. CG
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Figure 15: The group differences in percentage changes of self-preferred walking speed. LG:
low-frequency group; MG: Medium-frequency group; HG: High-frequency group; CG:
Control group; Mid: completion half training session (18 sessions); Post: completion all
training session (36 sessions); Mid-follow-up: 6 weeks after training cessation; Follow-up: 12
weeks after training cessation. * p<0.05 vs. CG
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Figure 16: The group differences in percentage changes of maximum walking speed. LG:
low-frequency group; MG: Medium-frequency group; HG: High-frequency group; CG:
Control group; Mid: completion half training session (18 sessions); Post: completion all
training session (36 sessions); Mid-follow-up: 6 weeks after training cessation; Follow-up: 12
weeks after training cessation. * p<0.05 vs. CG.
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LG (n=20)
MG (n=20)
Mid
Post
Mid
Post
4.50(2.07)
4.45(2.31)
4.95(2.59)
5.10(2.14)
20.59(11.40) 23.76(11.11) 23.35(10.23)
25.62(9.22)

HG (n=20)
CG (n=20)
Mid
Post
Mid
Post
4.42(2.15)
4.53(2.53)
4.68(2.48)
4.42(2.38)
24.66(9.98) 24.95(10.22) 22.76(11.70) 22.55(12.03)

KJP (degree)
Tandem test (s)
OLS with eyes open
12.90(10.85) 11.20(9.24) 18.01(11.52)* 18.13(11.38)* 15.48(11.46) 16.18(11.80) 17.66(13.29) 17.07(12.10)
(s)
OLS with eyes
1.96(3.21)
2.46(1.85)**
4.89(4.07)
4.53(3.64)
3.77(3.80)
5.42(6.76)*
3.78(3.45)
5.55(5.41)
closed (s)
Table 9: The within-group changes on balance performance in the training period (Mean(SD)). LG: low-frequency group; MG:
Medium-frequency group; HG: High-frequency group; CG: Control group; KJP: knee joint position. OLS: one-leg stand; Mid: completion half
training session (18 sessions); Post: completion all training session (36 sessions). The p values were for within-group comparisons versus
baseline; * p<0.05 and ** p<0.01.

94
94

LG (n=20)
MG (n=20)
HG (n=20)
CG (n=20)
Mid-follow-up Follow-up Mid-follow-up Follow-up Mid-follow-up Follow-up Mid-follow-up Follow-up
5.00(1.95)
4.68(2.15)
5.12(2.56)
5.36(2.44)
4.40(2.50)
4.28(2.20)
4.29(2.22)
4.11(2.13)
24.08(11.04) 19.88(11.63) 20.96(10.82) 22.56(10.83) 23.09(11.09) 23.98(11.13) 22.28(12.36) 21.56(12.28)

KJP (degree)
Tandem test (s)
OLS with eyes open
11.66(9.18) 10.69(9.56) 16.29(10.58) 17.99(11.86)* 14.67(11.64) 16.22(12.20) 17.73(13.37) 17.02(12.46)
(s)
OLS with eyes
1.81(1.64)
2.23(2.13)
5.15(3.88)*
3.89(4.18)
6.05(6.69)** 5.47(5.36)**
4.82(5.07)
4.42(4.80)
closed (s)
Table 10: The within-group changes on balance performance in the follow-up period (Mean(SD)). LG: low-frequency group; MG:
Medium-frequency group; HG: High-frequency group; CG: Control group; KJP: knee joint position. OLS: one-leg stand; Mid-follow-up: 6
weeks after training cessation; Follow-up: 12 weeks after training cessation. * p<0.05 and ** p<0.01, the p values were for within-group
comparisons versus baseline.
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CHAPTER 5 DISCUSSION OF MAIN
STUDY
The aims of the present study were: 1) to examine the effect of WBV training for
developing muscle performance and physical functions in elderly subjects with
sarcopenia; 2) to determine the optimal combinations of frequency and exposure time
on muscle performance and physical function in elderly subjects with sarcopenia and
3) to determine whether the changes associated with WBV training could be
maintained for 3 months after cessation of training.
This is the first study of WBV training programme on muscle mass, strength,
physical function and balance in people with sarcopenia. The present results
suggested that WBV is beneficial for improving muscle strength, physical function
and balance in older individuals with sarcopenia, but not for muscle mass and
proprioception. Among the three training groups of LG, MG and HG, MG appeared to
be optimal for improving muscle and physical performance with 36 sessions of
training, followed by LG. Therefore, the medium frequency (40Hz) and medium
exposure time (360 seconds) combination would be the most effective protocol for
muscle and physical performance improvements in older people with sarcopenia.
Most outcome variables had better performance than the values at baseline after
12-week cessation of WBV training programme. Compared with the values at
post-intervention, the improvements in muscle strength and self-preferred walking
speed could be maintained after training cessation.
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5.1 MUSCLE MASS
In the previous studies (Bogaerts et al., 2007; Fjeldstad et al., 2009; von Stegel et
al., 2012; Verschueren et al., 2004), muscle mass was assessed in different ways in the
older adults to investigate the effect of WBV training. One study revealed the muscle
volume of right upper leg increased by 3.4% after one year (144 sessions) of WBV
training (Bogaerts et al., 2007). Also, the bone free lean tissue mass of the trunk was
increased by 2.7% after 8 months (96 sessions) of training (Fjeldstad et al., 2009).
Two studies reported that the fat mass had significantly decreased after WBV training
(von Stegel et al., 2012; Verschueren et al., 2004). However, Verschueren et al. (2004)
stated there was no change in lean body mass after 72 sessions of WBV training,
which was consistent with the study conducted by Bautmans et al. (2005).

Few studies had measured the CSA of the lower extremity. Mikhael et al. (2010)
reported the CSA of mid-calf was increased by more than 3cm2 after 39 WBV training
sessions, which was clinically meaningful but not statistically significant. Only
Machado et al. (2010) examined the CSA of individual leg muscles and found a
statistically significant increase of 8.7% for the CSA of VM and BF after 38 training
sessions in healthy older women. In the present study, there was no significant
increase in CSA of VM after 36 sessions of WBV training in elderly subjects with
sarcopenia. Although without statistical significance, the CSA of VM had increased in
the three training groups after the study (LG: 0.42%; MG: 1.53%; HG: 0.53%), while
those in control group had decreased by 3.24% in the same period.
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The main difference between the present study and that of Machado et al. (2010)
was the nature of the exercise performed during WBV training. In the study of
Machado et al. (2010), the older subjects needed to do dynamic exercise on the
platform, such as deep squat, wide stance squat and heel rise, while the participants in
the present study only had to maintain a static standing posture during the training,
which was same as the study of Mikhael et al. (2010). It might be that the stimulation
on the muscle with static standing on the platform was inadequate to induce any
significant changes in muscle size in the seniors and dynamic exercise performed
during WBV training would lead to additional benefits. Furthermore, as all subjects in
this study were older people with sarcopenia who were inclined to lose their muscle
mass, it would be difficult for CSA to have large increase with relatively short
training duration. Considering the variety of WBV protocols, outcome variables and
individual characteristics among these studies, it is too early to negate the potential
beneficial effects of WBV training on muscle mass.

Meanwhile, despite the gains in CSA of VM in all training groups during the
training period, the muscle size went down immediately after cessation of the training
programme in these groups, which was in line with the findings of a previous study
that indicated the improvements in muscle volume obtained from one year of WBV
training could not be maintained after cessation of the training (Kennis et al., 2013).
However, Kennis et al. (2013) was the only study that examined the changes of
muscle volume after the training had stopped. More studies are needed to shed lights
on the effect of WBV training on muscle mass.
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5.2 MUSCLE STRENGTH
There was a significant within-group increase in isometric strength in MG after
36 training sessions with WBV. The present finding is comparable with the study of
Machado et al. (2010), which reported isometric knee extension strength had
increased after 36 WBV training sessions. Moreover, Roelants et al. (2004b) found
significant increase in both isometric and isokinetic strength after 72 WBV training
sessions.

In this study, subjects of the WBV group had a significant within-group
improvement in isokinetic strength at 180°/s and 60°/s of contraction speed. The
positive effects of WBV on isokinetic strength had been reported in some previous
studies (Roelant et al., 2004b; Verschueren et al., 2004). The present study found
group difference in isokinetic strength at 180°/s was significant both at mid- and
post-interventions. For the 60°/s testing speed, the difference was only significant at
mid-intervention. Furthermore, only the isokinetic strength at a testing speed of
180°/s had significant improvement in the second half of training. Compared with the
testing speed of 60°/s, the improvement in 180°/s was greater. It is speculated that the
fast-twitch muscle fibers in the subjects might have been preferentially stimulated
with WBV training, which was consistent with the study of Pollock et al. (2012b)
which reported the recruitment threshold of fast-twitch muscle motor units had
declined after a 5-minute WBV training programme. These findings suggested that
WBV training could be effective for improving the muscle strength in the elderly
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under higher contraction speed.

5.3 PHYSICAL PERFORMANCE
Increased muscle strength leads to better physical functioning (Pisciottano et al.,
2014). Subjects in the WBV groups had significant improvements in TUG, 5STS and
10MWT with self-preferred speed after 36 training sessions. The performance in TUG
and 5STS had significantly improved after 18 training sessions, which were in
agreement with the report of a very recent study on institutionalized older people,
which revealed significant improvements in 5STS performance after 18 sessions of
WBV training (Sitjà-Rabert et al., 2015). Another study has reported that the TUG
was significantly improved after 24 training sessions (Pollock et al., 2012a).

5.3.1 5STS
All three training groups had shown improvements in 5STS after 36 WBV
training sessions, which was consistent with the findings of some previous studies
(Raimundo et al., 2009; Zhang et al., 2014), but contrary to some other studies that
did not find any changes after WBV training (Bautmans et al., 2005; Mikhael et al.,
2010). The reasons for this inconsistence might be the different training protocols.
Bautmans et al. (2005) used a very short exposure time of 30-60 seconds for their
training. Whereas for Mikhael et al. (2010), they asked their subjects to perform only
static standing with a very low vibration frequency of 12Hz and small amplitude of
1mm. These two studies might therefore be considered as not having enough training
stimuli to their subjects.
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The improvements in 5STS in all three training groups disappeared at 3 months
of follow-up. Only MG had significantly better performance than that at baseline.
This is the first study to report the performance in 5STS in elderly people with a
post-training follow-up period. It is therefore impossible to make comparisons with
other studies. Further studies are needed to verify the effects of WBV training on
5STS.

5.3.2 Walking speed
Both LG and MG had significant increase in self-preferred walking speed after 36
WBV training sessions. Between-group difference was found between MG and CG at
post-intervention. The present findings are in line with several previous studies that
reported an increased speed in walking test after WBV training. Iwamoto et al. (2012)
had found the time decreased by 13.3% in 10m walking test after 6 months of WBV
training. Also, Bogaerts et al. (2011) reported a 10.08% increase in walking speed
with 6 months of WBV training. However, a study comparing WBV training with a
walking exercise programme has demonstrated that the walking programme was more
efficient than the WBV training for improving walking speed (Raimundo et al., 2009).
It is reasonable because the walking programme was particularly designed to improve
walking performance thus the outcome measure has accurately reflected that.
In this study, both LG and MG showed significant increase in the first half of the
training period (18 sessions), but not the second half. Between-group difference was
only found between MG and CG at mid-intervention. In the past, only one study had
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investigated the influence of WBV training on maximum walking speed (Bogaerts et
al., 2011). It revealed the maximum walking speed had increased by 3.15% after 72
sessions of WBV training. Previous studies had reported that increase in muscle
strength could predict faster walking speed (Janssen et al., 2002; Roubenoff, 2001). In
this study, the muscle strength in MG continually increased in the second half of
training period, but the maximum walking speed did not improve in parallel, which
echoed with a previous finding that the increase in muscle strength would not
necessarily couple with an increase in walking speed when muscle strength was well
above the minimum required level (Ferrucci et al., 1997).

5.3.3 TUG
The TUG test was the most common assessment for mobility in elderly
population, especially in the frail older subjects. In the present study, significant
improvement in TUG was found in both LG and MG, which revealed the effective
training frequency was ranged from 20Hz to 40Hz for TUG. In fact, the positive
effects of WBV training on TUG had been demonstrated in several other studies.
Pollock et al. (2012a) reported a 25.5 % decrease in time of completing TUG after 24
sessions of WBV training. Machado et al. (2010) found a 9% improvement in TUG
performance in the WBV training group after 38 training sessions, while the control
group had worsened during the studied period. Recently, Zhang et al. (2013)
examined the effectiveness of WBV training in the Chinese older people and found
the time for completing TUG to have decreased from 40.47 to 21.34 seconds after 8
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weeks of WBV training.

However, some studies found no change in TUG after long-term WBV training
(Bautmans et al., 2005; Beaudart et al., 2013). With various training protocols, the
response to WBV training would be different. For the two studies that indicated no
effects of WBV training on TUG, it should be noted that the total exposure time of
their training programme was shorter than those studies that found positive effects
with WBV. As exposure time equals to the product of duration of each session and
number of sessions, therefore the decrease in either one would reduce the exposure
time. Beaudart et al. (2013) only had 75 seconds for one session and Bautmans et al.
(2005) only had 18 training sessions, which were the shortest exposure time among
the reported studies. Thus, it is advisable to conduct WBV training with adequate
exposure time to reach the needed threshold level of stimulation for mobility
improvements.

Although the time for completing TUG at follow-up assessment was significantly
decreased than that at post-intervention assessment, it still had better performance
than that at baseline, which indicated the training-induced improvements could partly
maintained after 3 months of follow-up. Only one study had conducted follow-up
assessment for the participants after cessation of training and found significant
increases in time of completing TUG during a 6-month follow-up period, which was
worse than that at baseline (Pollock et al., 2012a). The explanation for the
disagreement on the comparison between pre-intervention and follow-up assessments
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might be the training duration and follow-up period. The participants in the study of
Pollock et al. (2012a) had only received 24 training sessions but the follow-up period
was 6 months, which was longer than the training period. It was probably that the
training-induced improvements would totally disappeared after 6 months of follow-up.
However, in this study, the follow-up period was 3 months, which was equal to the
training period. According to the findings in this and the previous studies, WBV
training could improve TUG in older people and the maintenance of improvements
would depend on the duration of training and follow-up period.

In this study, MG also had significantly better performance than HG. According
to a previous study, the high frequency stimulations should have greater
improvements (Marí
n & Rhea, 2010). However, HG had poorer performance than
MG, which might be attributed to the inadequate exposure time. As the same number
of vibration was applied to all training groups, the larger frequency would lead to the
shorter exposure time. HG only had 240 seconds for each session, while MG had 360
seconds and LG had 720 seconds. It is suggestive that adequate exposure time is
essential to the effectiveness of WBV training on TUG. Also, those studies that
reported the positive effects of WBV had applied the frequency ranged from 6-40Hz,
which is inclusive of the frequencies used in LG and MG of this study, but not HG.
The frequency applied in HG was 60Hz, which might be too high to elicit the
improvements in physical performance.
In this study, the improvements were significant in TUG, 5STS and self-preferred
walking speed in MG after 36 sessions of WBV training. However, in the first half of
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training period (after 18 training sessions), significant improvement was only found in
TUG and 5STS, but not in self-preferred speed. It is well known that TUG contained
several action components of standing up, walking, turning and sitting down.
Therefore, it is speculated the improved completion time of TUG in the first half of
training might be attributed to the less time spent in standing up. Also, the
coordination and balance might play a role in TUG. A systematic review with
meta-analysis by Lam et al. (2012) has reported that WBV could improve balance in
the elderly. However, the effects of WBV on coordination of old people were still
unclear. It is therefore necessary to examine the effects of WBV on this aspect.

5.4 BALANCE
5.4.1 Proprioception
Very few studies had investigated the effects of long-term WBV training on
proprioception. Some researchers have demonstrated that there were no changes in
joint position sense after WBV training (Bogaerts et al., 2011; Hiroshige et al., 2014).
Hiroshige et al. (2014) reported no significant changes in joint proprioception for both
young and elderly subjects after 8 weeks of WBV training. Prior to that report,
Bogaerts et al. (2011) had demonstrated that even 6 months of WBV training could
not improve the proprioception in the knee in older adults (Bogaerts et al., 2011). The
present finding is in agreement with the previous reports that no changes in knee joint
position were found in any of the training groups. Based on these findings, it is
suggestive that WBV may not be a suitable method for training proprioceptive sense.
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5.4.2 Tandem stance and one-leg stand (OLS)

Tandem stance test and OLS were used to evaluate the effects of WBV training
on balance in older people with sarcopenia in this study. No significant increase in
time of tandem standing was found after WBV training, which was in agreement with
a previous investigation that also found no change in movement velocity of center of
pressure during tandem stance after 108 sessions of WBV training (Stolzenberg et al.,
2013a).
In this study, the OLS with eyes closed improved in LG and HG after WBV
training, while the OLS with eyes open only improved in MG. This finding was in
partial agreement with some previous studies. Gusi et al. (2006) reported the time for
OLS with eyes closed increased after 96 sessions of training. Rees et al. (2009) also
found the OLS steadiness improved after 24 WBV training sessions and they stated
the improvements in OLS steadiness were dramatically influenced by the initial level
of performance of the participants. The poorer initial scores would result in greater
changes (Rees et al., 2009). A systematic review by Lam et al. (2012) revealed the
WBV training had positive effects on balance in older people. In that review, the
researcher used Tinetti test as the outcome measure to assess the effects of WBV
training on balance. However, the increase in balance score might be attributed to the
increases in sitting balance, turning balance, but not standing balance. Thus,
according to the existing studies, it is difficult to draw a conclusion on the effect of
WBV training on tandem and OLS tests.
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5.5 OPTIMAL COMBINATION
To the best knowledge of the author, this is the first report to explore the optimal
combination of frequency and exposure time of WBV training in people with
sarcopenia. Since there has not been any study investigating the optimal combination
of frequency and exposure time of WBV training, this following discussion would
compare the present results with the previous studies on frequency and exposure time
separately. In the present study, although both the participants trained with 20Hz and
40Hz have significant increases in muscle performance after 36 sessions of WBV
training, only the medium vibration frequency (40Hz) had achieved an improvement
level to reveal difference from the other groups on most muscle and physical
performance. To synthesize the findings of this study, there is evidence to postulate
the most effective frequency for muscle performance improvement in WBV training
programme might range between 20Hz and 40Hz. When compared with 20Hz, the
more efficient frequency might be 40Hz. There were few studies that had investigated
the optimal frequency of long-term WBV training on muscle performance and no
agreement was reached. One study had controlled the acceleration, the product of
frequency and amplitude, and found no difference in muscle performance in young
adults between low- (18Hz) and high-frequency (32Hz) of vibration (Chen et al.,
2014). Another study only controlled the exposure time and revealed that 50Hz with
4mm was more effective than 30Hz with 2mm for improving muscle strength in
active males after 6 weeks of WBV training (Petit et al., 2010). Considering the
various training protocols, it is difficult to make comparisons among these studies.
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Thus, more researches are needed to verify the optimal frequency of the WBV
training.

Despite the optimal frequency of long-term WBV training has not been well
investigated, the optimal frequency of acute WBV training in young people was
reported in several studies. Turner et al. (2011) found the young participants trained
with 40Hz had presented with better counter-movement jump performance than those
trained with lower frequencies of 30Hz and 35Hz when the same amplitude and
duration were applied. Lienhard et al. (2014) reported that young people trained with
40Hz had significantly higher muscle activity in the soleus muscle, while the training
with 35Hz had led to higher muscle activity in vastus laterlis and vastus medialis
muscle, and there was no change in muscle activity of rectus femoris when frequency
increased from 25Hz to 40Hz. The finding of Lienhard et al. (2014) is suggestive that
the optimal frequency should be determined for individual muscles. Only one study
had investigated the optimal frequency of WBV training in older people and revealed
that 35Hz was the most effective frequency for older people (Carlucci et al., 2015).

According to the literature, there were even fewer researchers who had
investigated the optimal exposure time of WBV training than the optimal frequency.
Different research groups suggested various exposure times. In this study, 90 seconds
was the most effective exposure time for one set of WBV training. Since each training
session consisted of 4 sets, the optimal exposure time for one session was 360 seconds,
which was consistent with a previous study reporting that 360 seconds resulted in a
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higher jump height than the exposure times of 180 and 540 seconds (Da
Silva-Grigoletto et al., 2011). However, for the optimal duration of one set, there was
no consensus. Da Silva-Grigoletto et al. (2011) found the participants with 60 seconds
per set increased the height of counter-movement and squat jumps, while those with
90 and 30 seconds showed decreases in jump height and power (Da Silva-Grigoletto
et al., 2011). Adams et al. (2009) found no difference between the groups with set
durations of 30, 45 and 60 seconds in muscle performance (Adams et al., 2009).
Whereas, Stewart et al. (2009) advocated 120 seconds to be the optimal duration for
one set, while longer durations of 240 and 360 seconds would lead to the decreases by
2.7% and 6% in knee extensor strength, respectively. In light of the insufficient
evidence, it is impossible to determine the optimal exposure time of WBV.

Besides exposure time for one training session, the number of training sessions per
week is also important when the total duration of the training programme (number of
training week) is fixed. Only one study had investigated the optimal number of
sessions per week for WBV training on physical performance and balance. Furness
and Maschette (2009) found 3 sessions per week for 6 weeks was the most effective
protocol for improving TUG, sit-to-stand test and Tinetti test score than one or two
sessions per week. In the present study, both 20Hz with 720 seconds and 40Hz with
360 seconds had positive effects on TUG in the people with sarcopenia, while for
5STS and walking speed, only 40Hz with 360 seconds showed a positive outcome.

5.6 LIMITATIONS
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There are a few limitations in this study. First, there was no blinding of the
subjects or the researcher. However, since no study had investigated the optimal
combination of frequency and time of WBV on muscle performance with identical
number of vibration in the people with sarcopenia, there was not an expectation as to
which was the optimal combination of frequency and time of WBV for combating
sarcopenia. Therefore, the lack of blinding would not lead to a bias in the outcome.
Furthermore, all assessments were objective, thus assessors could not influence the
results.

Second, due to practical consideration, this study only included the frequencies of
20Hz, 40Hz and 60Hz for exploring the optimal frequency of WBV training. In this
condition, it can be concluded that 40Hz combined with 360 seconds was more
effective than 20Hz with 720 seconds and 60Hz with 240 seconds. Whether a gap of
20Hz between each training group can be further narrowed down to smaller ranges in
future studies when adequate resources are available to study more groups.

Third, although the participants were seniors with sarcopenia, some of them were
still in the early stage of sarcopenia, which means they were physically active. The
subjects who had poorer conditions could not endure the 36 training sessions and had
dropped out. Therefore, findings of this study may not be generalized to the people
with poorer physical conditions.

Fourth, the tests and variables used for evaluating balance might not be sensitive
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to detect the small changes resulting from the training. However, considering the
physical conditions and limited resources, tandem timing and OLS were used as they
were the most reliable and valid in the clinical evaluation for balance. In future
studies, changes in the area of center of pressure should be examined as undertaking
tandem stance and OLS tests.

Finally, there were only control group without any intervention in this study. The
differences between control group and the training groups may not only due to WBV,
but also static squatting on WBV platform. It would have been better to have a
placebo group that only received static squatting training without WBV. The effects of
static squatting could then be examined with this design.

5.7 CONCLUSION
Both low frequency with long exposure time and medium frequency with
medium exposure time could effectively improve isokinetic strength with high- and
low-angular velocity after 36 training sessions. The improvements in the group with
high frequency and short exposure time were not obvious. In conclusion, a 12-week
WBV training programme could improve isokinetic muscle strength, TUG and 5STS
in older individuals with sarcopenia.

As compared with other combinations, the medium frequency (40Hz) and
medium exposure time (360 seconds) combination was the most efficient for
improving muscle and physical performance. Most parameters tested at the follow-up
assessment (24 weeks) had better performance than at baseline. It is essential to find
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out the optimal duration of training cessation that would not wash out the training
effect so as to inform clinician on designing their exercise training regime and
schedule.

5.8 FURTHER ISSUE TO ADDRESS
With the positive outcome of medium frequency and medium duration of WBV
training protocol on muscle performance, it is necessary to explore the underlying
mechanism of how this training protocol has worked. The next chapter reports on a
pilot study that explored the neuromotor basis of this training protocol on the
recruitment pattern of the quadriceps muscles as so to determine whether the effect is
on the muscle or it has enhanced the motor unit activation that drives the muscle
fibers.
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CHAPTER
6
EXPLORING
AN
UNDERLYING
MECHANISM
OF
WHOLE BODY VIBRATION TRAINING
ON MUSCLE PERFORMANCE
6.1 INTRODUCTION
6.1.1 Age-related changes in motor units
As people age, the physiology of the motor units gradually change, which would
lead to age-related loss of the muscle mass and impairment of force production (Keen
et al., 1994). The age-related physiological changes of motor units include loss of
motor neuron, increased nerve to muscle innervation ratio and remodeled motor units
(Doherty & Brown, 1997; McComas et al., 1993). McComas et al. (1993) applied
electrophysiological techniques to estimate the number of motor unit of extensor
digitorum brevis muscle in the thenar eminence and reported the number of motor
units was significantly less in older people than younger people, which provided a
strong evidence for the loss of motor unit with aging. A few years later, Doherty and
Brown (1997) examined the contractile properties of motor unit of thenar muscle and
found the aged people had slower twitch contraction and larger twitch tensions than
the young counterparts.
Some researchers had measured the motor unit discharge rate to examine the
age-related changes of motor unit in different age groups. Connelly et al. (1999) used
needle electrodes to record maximal motor unit discharge rate and found that older
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people had decreased motor unit discharge rate than the young ones. More recently,
Kallio et al. (2012) also reported a similar finding that the motor unit discharge rate of
soleus was lower in older people, which had led to decreased muscle strength and
impaired balance control. The evidence suggested that motor unit discharge rate
decreased in older people, which would lead to impaired motor performance.

6.1.2 The changes in motor neurons after training
It is known that suitable type and sufficient level of exercise training would
benefit the muscle mass and strength in man (Machado et al., 2010; Scanlon et al.,
2014; Sipilä & Suominen, 1995). However, many studies had reported that the
increase in muscle strength was not in line with the changes in muscle mass
(Goodpaster et al., 2006; Maughan et al., 1983; Mikhael et al., 2010). An early study
by Moritani and DeVries (1979) found muscle strength improved very early in a
training programme, which preceded the muscle size improvement. Actually, muscle
hypertrophy would not be noticeable until after eight weeks of exercise training,
which indicated there would be other reasons for improvement of muscle strength in
the early phase of training.

Considering the non-parallel relationship between the training-induced changes
in muscle mass and strength, neural adaptation would be a contributor to the increased
muscle strength in the early phase of training. A strong evidence of neural adaptation
after training is the increase in EMG amplitude, which indicates the neural drive to
muscle fiber was increased (Aagaard et al., 2002; Häkkinen et al., 2000). However,
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EMG is a measurement that could only detect the changes of muscle activity, but not
the motor unit firing patterns. The training-induced changes in motor unit firing rate
were only investigated in very few studies (Kamen & Knight, 2004; Patten et al.,
2001). Kamen and Knight (2004) used needle electrodes to record the maximal motor
unit discharge rate of tibialis anterior on the dominant leg before and after 6 weeks of
strength training and found the maximal motor unit discharge rate had increased after
strength training in both older and younger people.
The use of needle electrodes involves an invasive technique thus it is not widely
used. Compared to needle electrodes recording, twitch interpolation is relatively more
safe and simple with the logistics. Twitch interpolation is a technique that involves
electrical stimulation to the muscle nerve with a single pulse during a maximal
voluntary contraction to elicit an increment of force (Herbert & Gandevia, 1999). The
interpolated twitch ratio (%) was calculated to represent the level of excitation of
motor neuron pool (Gandevia, 2001; Molley et al., 2006). The formula [1 –
(Superimposed twitch / Control twitch)] x 100% was commonly used to calculate the
interpolated twitch ratio (Allen et al., 1995). The superimposed twitch was the force
increment produced during a maximal contraction at the time of stimulation and the
control twitch was the force evoked by the stimulation with a resting muscle.
Twitch interpolation has been used to explore the neural adaptations after
exercise training in human muscle (Herbert et al., 1998; Knight & Kamen, 2001; Petit
et al., 2010; Scaglioni et al., 2002). Some studies reported the voluntary activation of
muscles increased after several weeks of training (Knight & Kamen, 2001; Scaglioni
et al., 2002), while some others had found no training-induced changes in the
voluntary activation of muscles (Herbert et al., 1998; Petit et al., 2010). The reasons
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for the discrepancies might be due to the different original level of voluntary
activation in the subjects. For subjects who could achieve high level of voluntary
activation, there would be minimal increase in force output with the superimposed
twitch, whereas people who achieve relatively low level of voluntary activation would
have more room for the increase in force output with the superimposed twitch.
Therefore, if a type of training facilitated motor recruitment as compared to another
type that facilitated muscle contractile performance beyond the level of
excitation-contraction coupling, the former might reveal a higher twitch-interpolation
ratio after training than the latter one. Although there is no agreement in the previous
studies, it is accepted that twitch interpolation is a relatively direct and accessible
method for assessing the level of excitation of motor neuron pool in human beings
(Shield & Zhou, 2004) thus this technique is deemed suitable to assess the change in
motor neuron recruitment before and after an exercise training programme.

6.1.3 The possible mechanisms of WBV training
The mechanical movement of WBV causes a stimulus to the human body in
standing or when one performs various movements on a platform that generates
vibration at a frequency below 100Hz (Wilcock et al., 2009). This mechanical
stimulus results in muscle contractions similar to the tonic vibration reflex (TVR)
(Delecluse et al., 2003). The TVR has been suggested as a plausible underlying
mechanism that explains the benefits of WBV training (Cardinale & Bosco, 2003).
The vibration stimulates muscle spindle discharges, which activate the monosynaptic
and polysynaptic reflex arcs through the afferent nerve fibers causing muscle
contraction.
The evidence of TVR was found with local vibration in the early 1970’s when
116

Burke et al. studied 10 subjects and found that the tonic contraction reached a plateau
level between 20 and 60 seconds after applying the vibration to the muscle belly.
They also reported that the increased muscle stretch would lead to the larger TVR,
which implied that the primary endings of muscle spindle would be activated by
vibration, while both the primary and secondary endings would be activated by the
muscle strength during vibration (Burke et al., 1972).
Recently, TVR has also been found during WBV training. Zaidell et al. (2013)
used EMG to record the muscle activity of soleus and tibialis anterior under two
different situations of WBV training versus localized vibration. After comparing the
EMG data of the two muscles, they found no difference between these two types of
vibration training. They therefore concluded that TVR was present in WBV training
as it did in local vibration training. In view of this finding, TVR is at least one
mechanism that accounts for the effects of WBV training for the improvement of
muscle performance.
Besides TVR, neural adaption was speculated as another possible underlying
mechanism of WBV training (Cardinale & Bosco, 2003; Rittweger, 2010). As
discussed in section 1.2.2 and 1.2.3, many studies had reported an increased EMG
amplitude with WBV training in both young and old subjects (Giombini et al., 2013;
Pollock et al., 2010; Rønnestad et al., 2012), but only one study had investigated the
changes in voluntary activation of muscles after long-term WBV training with twitch
interpolation technique and found there was no significant changes after 6 weeks of
WBV training (Petit et al., 2010). However, it is worth noting that the subjects in the
study of Petit et al. (2010) were physically active college students who were able to
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voluntarily activate their muscles at high level, which could have masked the change
after training. Thus, their finding may not be generalized to older subjects suffering
from sarcopenia. The aim of this experiment was to investigate the effect of 12 weeks
of WBV training on the voluntary activation of quadriceps muscles in older people
with sarcopenia.

6.2 OBJECTIVES AND HYPOTHESES
6.2.1 Objectives
1) To investigate the test-retest reliability of twitch interpolation in the elderly
with sarcopenia.
2) To explore the effect of a 12-week WBV training programme on the voluntary
activation of quadriceps in the elderly with sarcopenia.

6.2.2 Hypotheses
1) There would be high test-retest reliability of twitch interpolation in the studied
population.
2) A 12-week of WBV training programme would increase the voluntary
activation of quadriceps in the elderly with sarcopenia.

6.3 METHODS
6.3.1 Subjects and intervention
The diagnosis of sarcopenia for screening subjects was described in section 2.2.1.
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Two sessions of measurements were conducted on two separate days to examine the
test-retest reliability of twitch interpolation. The interval of the testing sessions was 7
days apart and in order to avoid the circadian effect, the tests were conducted in the
same hour of the two days.
After establishing the test-retest reliability for the twitch interpolation technique,
the recruited subjects were randomly allocated into WBV training group (WBV) and
control group (CON). Each participating subject gave voluntary informed written
consent before participating the study (Appendix I or II).
Considering the findings of the main study, the training protocol for the WBV
was same as the one for the medium frequency group (MG), which was mentioned in
section 3.2. The reason for using the WBV parameters of MG is because this training
protocol has demonstrated the best training effect among the three WBV training
protocols.

6.3.2 Neuromotor recruitment testing
The neuromotor recruitment of the quadriceps muscle was tested using the twitch
interpolation technique. The test was conducted in each group before and after 12
weeks of training to measure the changes in motor unit activation in the quadriceps of
the dominant leg (Molloy et al., 2006). Participants sat on an isokinetic testing chair
with hip at 80°and knee at 90°of flexion and performed a maximal isometric knee
extension. The knee extension force was simultaneously shown on a digital indicator
(AD-4532A, A&D company, Tokyo, Japan) and converted to digital output by a
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12-bit analog-to-digital converter (NI USB-6211, National Instruments, Austin, USA)
with sampling frequency at 1 kHz. A custom-made stimulation electrode connected to
an electrical stimulator (S88 Square Pulse Stimulator, Grass Technologies, Warwick,
USA) was placed on the femoral nerve trunk after the skin was cleansed with
exfoliating scrub (Figure 17). The location of femoral artery was firstly determined by
palpation within the inguinal triangle. The pulse from the femoral artery was detected
and this was used as the landmark to locate the femoral nerve, which sits immediately
lateral to the femoral artery. Then several submaximal electrical stimulations were
delivered along the course of the femoral nerve trunk to search the best location of
applying the stimulation pulse and determine the supermaximal electrical stimulation
that the subjects could tolerate.
Participants were asked to perform 3 maximum voluntary extensions (MVCs),
which lasted for 2-3 seconds. When the peak force was obtained, a supramaximal
electrical stimulation was delivered to the femoral nerve trunk to trigger a
superimposed quadriceps muscle twitch. Afterwards, the participant would relax the
quadriceps for 5 seconds and another supramaximal electrical stimulation was applied
to the femoral nerve trunk to elicit a control muscle twitch of the quadriceps. The data
were stored for calculating the interpolated twitch ratio.

6.3.3 Statistical analysis
Descriptive analyses were reported as means ± standard deviations. Test-retest
reliability was evaluated by intraclass correlation coefficient (ICC) of model (3,1) to
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analyze the reliability of twitch interpolation. The 95% confidence interval was also
reported. The interpretations of the ICC values were made according to the study of
Pittenger (2003).
Kolmogorov-Smirnov test was used to examine whether the data followed the
normal distribution. To compare the baseline characteristics of the two groups,
independent-sample t-test was conducted. Paired t-test was used to investigate the
within-group changes. The changes of interpolated twitch ratio were calculated as
Post minus Pre in both groups. Independent-sample t-test was performed to compare
the between-group difference in the changes of interpolated twitch ratio.

Figure 17: The participants undertaking twitch interpolation test. The stimulating
electrode was placed over the femoral nerve trunk underneath the femoral triangle.
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6.4 RESULTS
The ICC(3,1) value of twitch interpolation was 0.811. According to Pittenger
(2003), ICCs between 0.81 and 1.0 were considered to be excellent, thus the
test-retest reliability of twitch interpolation in older people with sarcopenia was
excellent. The present finding suggested twitch interpolation was reliable to be used
for examining the training-induced changes in the voluntary activation of quadriceps
muscles.
Twelve subjects were recruited to this study. Two subjects withdrew due to the
pain of twitch interpolation test. Finally ten subjects completed this study. There was
no significant difference between the two groups at baseline (Table 11). After 12
weeks of WBV training, the interpolated twitch ratio increased in the WBV group and
decreased in the control group. Although there was no significant difference between
WBV and control groups on the absolute values of the interpolated twitch ratio after
12 weeks of training, the changed values of ratio were significantly different between
the two groups (Table 12).

WBV (n=5)
CON (n=5)
p value
Age (yrs)
73.8 (5)
74.8(7)
0.801
Height (cm)
151.6(7.9)
157.4(5.7)
0.221
Weight (kg)
51.6(6.1)
52.8(4.9)
0.737
2
BMI (kg/m )
22.63(3.72)
21.32(1.55)
0.487
2
SMI (kg/m )
6.51(1.26)
6.31(1.25)
0.805
Table 11: The characteristics of participants at baseline assessment (Mean(SD)). WBV:
whole body vibration group; CON: control group; BMI: body mass index; SMI:
skeletal mass index. The p values were for between group comparisons.
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WBV (n=5)
CON (n=5)
p value
Pre
71.90%(9.4%)
73.20%(5.3%)
0.649
Post
74.20%(9.6%)
72.10%(5.7%)
0.823
Delta
1.33%(2.7%)
-2.06%(-1.7%)
0.044
Table 12: The effects of a 12-week WBV training on interpolated twitch ratio
(Mean(SD)). WBV: whole body vibration group; CON: control group; Pre: before
training; Post: after completion of 36 training sessions; Delta: the changes of
interpolated twitch ratio between before and after training; BMI: body mass index;
SMI: skeletal mass index. The p values were for between group comparisons.

6.5 DISCUSSION
In this study, the rest-retest reliability of twitch interpolation in older people with
sarcopenia was excellent, which indicated it is reliable to use the twitch interpolation
technique to determine the voluntary activation of quadriceps muscles. A previous
study examining the reliability of twitch interpolation on femoral nerve in 8 young
people had found the test-retest reliability was 0.78, which was similar to the present
finding (Behm et al., 1996). It is suggestive that twitch interpolation on the femoral
nerve is a reliable technique for assessing the voluntary activation both in young and
older people.

In the present study, the interpolated twitch ratio increased from 71.9% to 73.2%
in the subjects with 12-week WBV training, while those in the control group showed
a decrease by 2.1%. Since no previous study had investigated the interpolated twitch
ratio after WBV training in older people with sarcopenia, this is the first study to
explore the training-induced changes in the motor units activation levels in older
people with sarcopenia.

According to the literature, only one study had applied the twitch interpolation
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technique to investigate the effect of a 6-week WBV training programme on
voluntary activation of knee extensors (Petit et al., 2010). They found voluntary
muscle activation did not change after 6 weeks of WBV training programme.
However, the subjects participated in that study were active college students, who
already had high level of voluntary activation before training. In the present study, the
subjects were older people with sarcopenia, who had lower level of voluntary muscle
activation than their young and healthy counterparts (McComas et al., 1993).
Therefore, the different findings between the present study and that of Petit et al.
(2010) are not surprising due to the different characteristics of subjects.

One possible mechanism of the WBV training effect is due to TVR. Some
studies had proven the existence of TVR during WBV vibration (Shinohara et al.,
2005; Zaidell et al., 2013). Zaidell et al. (2013) reported EMG amplitudes of soleus
and tibialis anterior increased during WBV training. Shinohara et al. (2005) examined
the maximal motor unit discharge rate of the first dorsal interosseous muscle in 32
young adults after 30 minutes of vibration training with 75Hz and reported the
discharge rate to have increased after vibration training. Furthermore, they also found
that the amplitude of the short-latency component of the stretch reflex increased after
vibration. The WBV movements stimulate the sensory input of muscles with external
vibration, which would increase the excitatory input to α motor neurons though Ia
afferents in muscle spindle (Shinohara et al., 2005). Since Ia afferents from muscle
spindle is sensitive to the changes of muscle length, vibration would activate the
homonymous motor units, which induce the muscle strength increase (Eklund &
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Hagbarth, 1966).

However, TVR might not be the only underlying mechanism of WBV training.
Considering WBV training is a form of exercise training such that neural adaptations
would also occur after long-term of WBV training. Roll et al. (1989) and Ushiyama et
al. (2005) found the H-reflex amplitude would decrease after prolonged vibration. The
H-reflex is usually used for assessing the excitability of motor neurons which in turn
determines the motor unit activation (Schieppati, 1987). The changes in H-reflex after
vibration hinted that there could be some other possible mechanisms underlying the
effects of WBV.

In the present study, the increase of the twitch interpolation ratio in the
quadriceps after 12 weeks of WBV training indicated WBV training could facilitate
the central motor unit drive during voluntary muscle contraction. This study has
provided the first piece of evidence that long-term WBV training is effective on
facilitating central drive. Although there was no study examining the effect of
long-term WBV training on central motor drive, there were two previous studies
which reported the central drive of muscles was facilitated in both young and old
subjects after long-term training (Scaglioni et al., 2002; Knight & Kamen, 2001).
Scaglioni et al. (2002) examined the voluntary activation of plantar flexor of 14
healthy older adults and found the voluntary activation significantly increased after 16
weeks of strength training. Knight and Kamen (2001) reported the voluntary
activation of knee extensors increased in both young and old subjects after 6 weeks of
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resistance training.

However, some studies applied the twitch interpolation technique and reported
resistance training could not induce any increase in voluntary activation in healthy
young and old subjects (Herbert et al., 1998; Sale et al., 1992). The explanations for
the divergent findings might be due to the difference in the subjects and training
protocols in the studies. Herbert et al. (1998) reported the voluntary activation of 44
college students had only marginally increased from 96.2% to 96.9% after 8 weeks of
resistance training. Since those subjects were active young people, the voluntary
activation of their muscles was already at a high level before training, thus they would
have limited capacity for further improvement. Sale et al. (1992) trained their subjects
with dynamic exercise and found no change in isometric strength and voluntary
activation. Considering the principle of specificity with exercise training, it is
unreasonable to expect large increase in isometric strength with dynamic training
programme.

6.6 LIMITATIONS
There are some limitations in this pilot study. First, the sample size is relatively
small. The twitch interpolation test was only conducted on 5 participants in each
group. As discussed in the method session, the twitch interpolation test is
uncomfortable for the participants thus it was difficult to recruit subjects to participate
in this study. More subjects are needed to confirm the present finding. Second, the
possible effect of antagonists and synergists on the peak force had not been taken into
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consideration. However, since the interpolated twitch ratio is a relative value, if there
is a systemic effect between the antagonists and synergists, it should have happened
in each trial thus the effect of which would be eliminated and not reflected in the
value of the interpolated twitch ratio.

6.7 CONCLUSIONS
The voluntary activation of quadriceps muscles of older people with sarcopenia
was facilitated after 36 sessions of WBV training with 40Hz x 4mm x 360 seconds of
training dosage per session over a 12-week period. The present finding suggested the
increased level of voluntary activation would be one of the underlying mechanisms of
WBV training in older people with sarcopenia. This provides the first piece of
evidence that WBV is effective for facilitating the central motor drive in seniors with
sarcopenia. Based on the present findings, it is suggestive that the future study for
investigating the possible mechanism of WBV training should target on the
contractility and muscle synergies rather than the facilitation of the central motor
drive.

127

CHAPTER 7 CONCLUSIONS
CILINICAL APPLICATIONS

AND

7.1 CONCLUSIONS
The present study is the first study to conduct WBV training on the people with
sarcopenia. The objectives of this thesis were achieved after completing the
experiments. A 12-week WBV training programme with 40Hz and 360 seconds is the
most effective to improve muscle strength and physical activity of the elderly with
sarcopenia. Although there was no statistically significant increase in cross-sectional
area of vastus medialis, it is too early to negate the potential effect of WBV training
on muscle mass since the effect of WBV training on other muscles is uncertain. For
balance and proprioception, there was no significant improvement found after 12
weeks of WBV training in older people with sarcopenia. Furthermore, the
training-induced improvements of muscle strength and self-preferred walking speed
would be maintained after cessation of training for 12 weeks.
It is the first study to investigate the possible underlying mechanism of the
elderly with sarcopenia. The finding revealed some WBV-induced changes of
voluntary activation by twitch interpolation in this thesis. Voluntary activation of
quadriceps muscles was facilitated after a 12-week WBV training programme with
40Hz and 360 seconds, which is the evidence for supporting the neural adaptation to
WBV training in older people with sarcopenia.
Considering the literature and the present results of physical performance and
balance, further studies are needed to investigate the effect of WBV training on
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coordination in older people with sarcopenia. Also, the other possible underlying
mechanisms of WBV training should be explored extensively in the future.

7.2 CLINICAL IMPLICATIONS


A 12-week WBV training programme is an effective exercise for improving
isokinetic knee extension at 180°/s, TUG and 5STS in elderly subjects with
sarcopenia.



The combination of 40Hz and 360 seconds is the optimal parameters of WBV
training in elderly subjects with sarcopenia.



The WBV-induced improvements of muscle strength and self-preferred walking
speed would not persevered for 12 weeks after training cessation



A 12-week WBV training programme with 40Hz and 360 seconds increased the
voluntary activation of quadriceps muscles in elderly subjects with sarcopenia.
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APPENDICES
Appendix I

香港特別行政區政府衞生署長者健康服務
香港理工大學康復治療科學系
全身震動治療法對患有肌肉無力的社區長者的療效
研究摘要
研究人員：吳賢發教授,香港理工大學康復治療科學系講座教授
李兆妍醫生,香港衞生署長者健康服務家庭醫學顧問醫生
劉昭君女士,香港衞生署長者健康服務一級物理治療師
研究內容：本項目旨在对患有肌肉無力的長者身体评价。凡自願參加的長者會被
邀請參加一次身體脂肪分佈測試，情況符合研究的長者會被邀請作以下測試。
各測試內容如下：
身體脂肪分佈：長者只需站在身體脂肪分佈儀器上，有如量度體重。由研究員記
錄身體脂肪數據。
肌力測試：長者坐在一台肌力測試機上，在研究員指導下進行膝部屈伸運動數次
以測試下肢肌力。
量度肌肉大小：長者平卧在床上，由研究員用超聲波探測儀量度長者大腿四頭肌
的大小。
關節本體感覺：長者閉上眼睛，坐在高椅上，由研究員作出特定的膝關節測試。
TUG 測試: 長者在研究員的指導下從座椅起身後步行 3 米,再返回座椅坐下.長者
用自己平時的步行速度完成測試。長者可以使用步行輔助器。研究員將完
成時間紀錄.
重複起身坐下測試：長者在研究員的指導下從座椅迅速起身再迅速坐下。研究員
將記錄完成動作所需的時間。
Tandem 測試：長者在研究員的指導下任選一隻腳，將其腳跟擺放在另一隻腳的
腳尖前方，使兩隻腳站成一直線，雙手擺放在身體兩側。研究員記錄下長
者維持平衡站立的時間。
單腳站測試 （睜眼與閉眼）
：長者在研究員的指導下任選一腳站立，另一腳量開
地面，雙手擺放在身體兩側。研究員記錄下睜開雙眼和緊閉雙眼時維持平
衡站立的時間。
步速測試：長者用日常和最快的步行速度走完 10 米的距離。長者可以使用步行
輔助器。研究員記錄下分別所需要的時間。
肌肉收縮控制：長者坐在一台肌力測試機上，由研究員用電流刺激大腿肌肉收縮，
電流刺激只進行兩次，每次大約一秒鐘。長者會感到強電流和肌肉收縮及
可能會有些微痛楚，但因為時間很短，所以這不舒服的感覺會很快消失，
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亦不會對身體有任何不良反應。
在所有測試後，部分長者會被要求 7 天後再次接受所有測試。之後，部分長者會
被安排到香港理工大學接受十二星期，每星期三次的全身震動治療訓練。長者站
在震動機上，毋須特殊動作，維持同一站立姿勢兩至三分鐘。整個訓練包括三次
震動治療，之間有五分鐘休息時間。
在研究過程中，研究員會為長者重覆四次以上的測試（除肌肉收縮控制測試）
。
部分長者會在開始階段和 12 周時進行肌肉收縮控制測試。在完成所有測試後，
長者會獲得港幣伍佰圓作車馬費。
參與研究長者的益處：長者參與治療會對肌肉無力的問題有所改善。而測試所得
的數據會幫助我們認識有關全身震動治療對肌肉無力人士的療效，從而提升這種
療法在臨床上的應用，以便更多長者能得益。
安全性：我們會採取各種必要的預防措施，以確保安全。倘若長者在研究過程中
有任何不適，請馬上通知研究人員。
如閣下對本研究有任何疑問可以致電 2766
詢。

與香港理工大學研究員位小姐查
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香港特別行政區政府衞生署長者健康服務
香港理工大學康復治療科學系研究
全身震動治療法對患有肌肉無力社區長者的療效研究
同意書
本人_____________已了解此研究的具體情況。本人願意參加此研究，亦明
白本人有權在任何時候，毋須解釋理由的情況下退出，而此舉不會影響我在衞生
署長者健康中心正在接受的服務，更不會導致我受到任何不公平對待。本人明白
參加此研究課題的潛在風險，本人的資料亦不會洩露予無關此研究的人員，我的
名字和相片亦不會出現在任何出版物上。

簽名（參與者）：

日期：

簽名（證人）：

日期：

如對此研究有任何疑問，可致電 2766

與香港理工大學康復治療科學系

研究員位小姐查詢。若本人對研究人員有任何投訴，可以聯絡梁先生（香港理工
大學部門科研委員會秘書），電話：2766

。

132

Appendix II
THE HONG KONG POLYTECHNIC UNIVERSITY
Department of Rehabilitation Sciences
Research Project Informed Consent Form
Project title: Combating sarcopenia in community dwelling elderly with whole body
vibration exercise
Investigator(s):

Gabriel Ng, Chair Professor, Dept of RS, PolyU
Ruby Lee, Consultant of Family Medicine, Dept of Health
Mary Lau, Physiotherapist, Dept of Health

Project information:
This study aims to examine the effect of whole body vibration exercise for training
muscle strength and balance and explore a possible mechinsm of WBV training in
people with sarcopeniaVolunteers will be invited to undergo an initial screening of
body fat measuring with a bioelectrical impedance measurement. Suitable subjects
will be invited to join the study. The tests will be done as follow:
Bioelectric impedance measuring: You will need to rest supine on a plinth and skin
electrodes will be attached to your arms and legs for a few minutes. During
which, you will be ask to relax and the machine will measure your body
resistance to electric current for estimating your body fat. During the test, you
will not feel any pain or discomfort.
Muscle strength: You will be seated on a machine with your trunk and legs secured by
straps. You will need to kick and bend your knee against the machine as hard as
possible for a few times. There should not be any pain or discomfort with this
test.
Muscle size: You will be positioned in supine lying on a plinth and an ultrasound
machine will be used to measure the size of your thigh muscle. The researcher
will place the ultrasound probe on your thigh, which will measure the size of
your muscle and you will not feel any pain or discomfort.
Joint sense: You will be seated on a high chair, blind-folded and an air-splint will be
applied to your foot. The researcher will move your leg to different positions
and ask you to remember them, afterwards, you will need to reproduce the
previous leg position.
TUG: You need stand up from an armchair, walk a distance of 3 meters, turn back to
the chair, and sit down. You should finish this test by your normal pace. No
physical assistance will be given. You can use your walking aid if you have.
Time will be recorded.
Sit-to-stand test: You sit in a standard height chair (43-47cm) with back against chair,
arms crossed on chest for entire test. You need stand up and sit down as quickly
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as possible. Time will be recorded.
Balance test:
(1) Tandem test: You will be asked to place the toes of the back foot touch the heel of
the front foot. Timing started when a balanced and safe stance had been attained.
Timing will stop when correcting a disturbance in balance by moving a foot or
leg or reaching for support with hands. Researcher will record the balance time.
(2) One Leg Stand test (opened and closed eyes): The OLST is performed in the
standing position with the your arms by your sides. Timing will start when you
raise the appropriate foot off the ground. Researcher will record the balance
time.
(3) 10-meter walk test: You use your usual and fastest speed to walk 10 meters. You
can use your walking aid if you have. Researcher will record the time for only
intermediate 6 meters.
Neuromotor recruitment pattern
You would sit on an isokinetic test chair with hip at 80°and knee at 90°of
flexion. An active stimulation electrode would be placed over your groin and
you will need to perform a maximal knee extension and during which, an
electrical stimulation would be delivered to your groin region to trigger a
maximal twitch of your thigh muscle. Afterwards, you need to relax and an
electrical stimulation would be applied again to elicit another twitch of the
muscle. The electrical stimulation is reasonably strong but with very short
duration. You should feel a strong electrical shock to the groin during the test
but the sensation will last only very momentarily and there is no known adverse
effect with this procedure.
After the first testing session, you may retake all tests after 7 days. Then you may be
assigned into a training group in which you will need to receive exercise at the Hong
Kong Polytechnic University on alternate days for 12 weeks. The exercise will
involve you standing on a machine that produces a whole body vibration force to you
and you will need to maintain in the same standing position for 2-3 minutes. The
exercise will be repeated 3 times and you will have 5 minutes break between each
exercise session.
You will need to return to The Hong Polytechnic University at 6 weeks, 12 weeks, 18
weeks and 24 weeks for the above testing procedures, except neuromotor recruitment
pattern. Neuromotor recruitment pattern will only be conducted on some volunteers at
baseline and 12 weeks. Upon completion of all the training and testing sessions, you
will be given $500 dollars to compensate for your transportation costs for the study.
Your participation in this study will help us understand the therapeutic effects of
whole body vibration on improving strength and balance for people with weak
muscles. The clinical protocol for training people with similar condition will therefore
be improved. The risk of whole body vibration is muscle soreness and falling during
the exercise but we have very stringent safety precautions to prevent these from
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happening. Should you feel any discomfort with the training, you should notify the
researcher immediately during the study.
Consent:
I, ___________________________, have been explained the details of this study. I
voluntarily consent to participate in this study. I understand that I can withdraw
from this study at any time without giving reasons, and my withdrawal will not lead
to any punishment or prejudice against me. I am aware of any potential risk in
joining this study. I also understand that my personal information will not be
disclosed to people who are not related to this study and my name or photograph will
not appear on any publications resulted from this study.
I can contact the investigator, Ms Wei at telephone 2766
for any questions about
this study. If I have complaints related to the investigator(s), I can contact Mr. Leung,
secretary of Departmental Research Committee, at 2766
. I know I will be given a
signed copy of this consent form.

Signature (subject):

Date:

Signature (witness):

Date:

135

REFERENCES
Aagaard P, Simonsen EB, Andersen JL, Magnusson P, Dyhre-Poulsen P. (2002)
Increased rate of force development and neural drive of human skeletal muscle
following resistance training. Journal of Applied Physiology (Bethesda, Md. :
1985), 93(4), 1318-1326.
Abbasi A, Duthie EH Jr, Sheldahl L, Wilson C, Sasse E, Rudman I, Mattson DE.
(1998) Association of dehydroepiandrosterone sulfate, body composition, and
physical fitness in independent community-dwelling older men and women.
Journal of American Geriatrics Society, 46(3), 263-273.
Abercromby AF, Amonette WE, Layne CS, McFarlin BK, Hinman MR, Paloski WH.
(2007) Variation in neuromuscular responses during acute whole-body vibration
exercise. Medicine & Science in Sports & Exercise, 39(9), 1642-1650.
Adams JB, Edwards D, Serravite DH, Bedient AM, Huntsman E, Jacobs KA, Del
Rossi G, Roos BA, Signorile JF. (2009) Optimal frequency, displacement,
duration, and recovery patterns to maximize power output following acute
whole-body vibration. Journal of Strength and Conditioning Research, 23(1),
237-245.
Alizadehkhaiyat O, Hawkes DH, Kemp GJ, Howard A, Frostick SP. (2014) Muscle
strength and its relationship with skeletal muscle mass indices as determined by
segmental bio-impedance analysis. European Journal of Applied Physiology,
114(1), 177-185.

136

Allen GM, Gandevia SC, McKenzie DK. (1995) Reliability of measurements of
muscle strength and voluntary activation using twitch interpolation. Muscle &
Nerve, 18(6), 593-600.
Aniansson A, Hedberg M, Henning GB, Grimby G. (1986) Muscle morphology,
enzymatic activity, and muscle strength in elderly men: A follow-up study.
Muscle & Nerve, 9(7), 585-591.
Armstrong WJ, Grinnell DC, Warren GS. (2010) The acute effect of whole-body
vibration on the vertical jump height. Journal of Strength and Conditioning
Research, 24(10), 2835-2839.
Arnarson A, Gudny Geirsdottir O, Ramel A, Briem K, Jonsson PV, Thorsdottir I.
(2013) Effects of whey proteins and carbohydrates on the efficacy of resistance
training in elderly people: double blind, randomised controlled trial. European
Journal of Clinical Nutrition, 67(8), 821-826.
Aslan UB, Cavlak U, Yagci N, Akdag B. (2008) Balance performance, aging and
falling: a comparative study based on a Turkish sample. Archive of Gerontology
and Geriatrics, 46(3), 283-292.
Barrack RL, Skinner HB, Cook SD, Haddad RJ. (1983) Effect of articular disease and
total knee arthroplasty on knee joint-position sense. Journal of Neurophysiology,
50, 684–687.
Barrett DS. (1991) Proprioception and function after anterior cruciate reconstruction.
Journal of Bone and Joint Surgery (British Volume), 73-B, 833-837.

137

Bassey EJ, Fiatarone MA, O'Neill EF, Kelly M, Evans WJ, Lipsitz LA. (1992) Leg
extensor power and functional performance in very old men and women.
Clinical Science (London), 82(3), 321-327.
Baumgartner RN, Koehler KM, Gallagher D, Romero L, Heymsfield SB, Ross RR,
Garry PJ, Lindeman RD. (1998) Epidemiology of sarcopenia among the elderly
in New Mexico. American Journal of Epidemiology, 147(8), 755-763.
Baum BS. (2008) Correlation of residual limb length and gait parameters in amputees.
Injury, 39(7), 728-733.
Bautmans I, Van Hees E, Lemper JC, Mets T. (2005) The feasibility of Whole Body
Vibration in institutionalised elderly persons and its influence on muscle
performance,

balance

and

mobility:

a

randomised

controlled

trial

[ISRCTN62535013]. BMC Geriatrics, 5, 17.
Bean JF, Leveille SG, Kiely DK, Bandinelli S, Guralnik JM, Ferrucci L. (2003) A
comparison of leg power and leg strength within the InCHIANTI study: Which
influences mobility more? Journal of Gerontology A: Biological Sciences and
Medical Sciences, 58(8), 728-733.
Beaudart C, Maquet D, Mannarino M, Buckinx F, Demonceau M, Crielaard JM,
Reginster JY, Bruyère O. (2013) Effects of 3 months of short sessions of
controlled whole body vibrations on the risk of falls among nursing home
residents. BMC Geriatrics, 13, 42.

138

Beck BR, Norling TL. (2010) The effect of 8 mos of twice-weekly low- or higher
intensity whole body vibration on risk factors for postmenopausal hip fracture.
American Journal of Physical Medicine and Rehabilitation, 89(12), 997-1009.
Behm DG, St-Pierre DM, Perez D. (1996) Muscle inactivation: assessment of
interpolated twitch technique. Journal of Applied Physiology (Bethesda, Md.:
1985), 81(5), 2267-2273.
Bemben DA, Palmer IJ, Bemben MG, Knehans AW. (2010) Effects of combined
whole-body vibration and resistance training on muscular strength and bone
metabolism in postmenopausal women. Bone, 47(3), 650-656.
Bijlsma AY, Meskers CG, Ling CH, Narici M, Kurrle SE, Cameron ID, Westendorp
RG, Maier AB. (2012) Defining sarcopenia: The impact of different diagnostic
criteria on the prevalence of sarcopenia in a large middle aged cohort. Age, 35(3),
871-881.
Blackman MR, Sorkin JD, Münzer T, Bellantoni MF, Busby-Whitehead J, Stevens
TE, Jayme J, O'Connor KG, Christmas C, Tobin JD, Stewart KJ, Cottrell E, St
Clair C, Pabst KM, Harman SM. (2002) Growth hormone and sex steroid
administration in healthy aged women and men: a randomized controlled trial.
Journal of American Medical Assocation, 288(18), 2282-2292.
Blum L, Korner-Bitensky N. (2008) Usefulness of the Berg Balance Scale in stroke
rehabilitation: a systematic review. Physical Therapy, 88(5), 559-566.
Bogaerts A, Delecluse C, Boonen S, Claessens AL, Milisen K, Verschueren SM.
(2011) Changes in balance, functional performance and fall risk following whole

139

body vibration training and vitamin D supplementation in institutionalized
elderly women. A 6 month randomized controlled trial. Gait & Posture, 33(3),
466-472.
Bogaerts A, Delecluse C, Claessens AL, Coudyzer W, Boonen S, Verschueren SM.
(2007) Impact of whole-body vibration training versus fitness training on muscle
strength and muscle mass in older men: a 1-year randomized controlled trial.
Journal of Gerontology A: Biological Sciences and Medical Sciences, 62(6),
630-635.
Bogaerts AC, Delecluse C, Claessens AL, Troosters T, Boonen S, Verschueren SM.
(2009) Effects of whole body vibration training on cardiorespiratory fitness and
muscle strength in older individuals (a 1-year randomised controlled trial). Age
and Ageing, 38(4), 448-454.
Bohannon RW. (2006) Reference values for the timed up and go test: a descriptive
meta-analysis. Journal of Geriatric Physical Therapy, 29(2), 64-68.
Bosco C, Colli R, Introini E, Cardinale M, Tsarpela O, Madella A, Tihanyi J, Viru A.
(1999) Adaptive responses of human skeletal muscle to vibration exposure.
Clinical Physiology, 19, 183-187.
Bruyere O, Wuidart MA, Di Palma E, Gourlay M, Ethgen O, Richy F, Reginster JY.
(2005) Controlled whole body vibration to decrease fall risk and improve
health-related quality of life of nursing home residents. Archives of Physical
Medicine and Rehabilitation, 86(2), 303-307.

140

Burger HG, Hale GE, Robertson DM, Dennerstein L. (2007) A review of hormonal
changes during the menopausal transition: Focus on findings from the melbourne
women's midlife health project. Human Reproduction Update, 13(6), 559-565.
Burke D, Andrews CJ, Lance JW. (1972) Tonic vibration reflex in spasticity,
Parkinson’s disease, and normal subjects. Journal of Neurology, Neurosurgery,
and Psychiatry, 35, 477-486.
Butler EN, Evenson KR. (2014) Prevalence of physical activity and sedentary
behavior among stroke survivors in the United States. Topics in Stroke
Rehabilitation, 21(3), 246-255.
Butler AA, Lord SR, Rogers MW, Fitzpatrick RC. (2008) Muscle weakness impairs
the proprioceptive control of human standing. Brain Research, 1242, 244-251.
Campbell WW, Crim MC, Dallal GE, Young VR, Evans WJ. (1994) Increased protein
requirements in elderly people: new data and retrospective reassessments.
American Journal of Clinical Nutrition, 60, 501–509.
Candow DG, Chilibeck PD, Facci M, Abeysekara S, Zello GA. (2006) Protein
supplementation before and after resistance training in older men. European
Journal of Applied Physiology, 97(5), 548-556.
Cardinale M, Bosco C. (2003) The use of vibration as an exercise intervention.
Exercise Sports science Review, 31(1), 3-7.
Cardinale M, Leiper J, Erskine J, Milroy M, Bell S. (2006) The acute effects of
different whole body vibration amplitudes on the endocrine system of young

141

healthy men: a preliminary study. Clinical Physiology and Functional Imaging,
26(6), 380-384.
Cardinale M, Soiza RL, Leiper JB, Gibson A, Primrose WR. (2010) Hormonal
responses to a single session of wholebody vibration exercise in older individuals.
British Journal of Sports Medicine, 44(4), 284-288.
Carlucci F, MazzàC, Cappozzo A. (2010) Does whole-body vibration training have
acute residual effects on postural control ability of elderly women? Journal of
Strength and Conditioning Research, 24(12), 3363-3368.
Carlucci F, Orlando G, Haxhi J, Laudani L, Giombini A, Macaluso A, Pigozzi F,
Sacchetti M. (2015) Older Age is associated with lower optimal vibration
frequency in lower-limb muscles during whole-body vibration. American
Journal of Physical Medicine and Rehabilitation, 94(7), 522-529.
Castillo EM, Goodman-Gruen D, Kritz-Silverstein D, Morton DJ, Wingard DL,
Barrett-Connor E. (2003) Sarcopenia in elderly men and women: The rancho
bernardo study. American Journal of Preventive Medicine, 25(3), 226-231.
Cattagni T, Scaglioni G, Laroche D, Van Hoecke J, Gremeaux V, Martin A. (2014)
Ankle muscle strength discriminates fallers from non-fallers. Frontiers in Aging
Neuroscience, 6, 336.
ChaléA, Cloutier GJ, Hau C, Phillips EM, Dallal GE, Fielding RA. (2013) Efficacy
of whey protein supplementation on resistance exercise-induced changes in lean
mass, muscle strength, and physical function in mobility-limited older adults.

142

Journal of Gerontology A: Biological Sciences and Medical Sciences, 68(6),
682-690.
Chan BK, Marshall LM, Winters KM, Faulkner KA, Schwartz AV, Orwoll ES. (2007)
Incident fall risk and physical activity and physical performance among older
men: The osteoporotic fractures in men study. American Journal of
Epidemiology, 165(6), 696-703.
Chen CH, Liu C, Chuang LR, Chung PH, Shiang TY. (2014) Chronic effects of
whole-body vibration on jumping performance and body balance using different
frequencies and amplitudes with identical acceleration load. Journal of Science
and Medicine in Sport, 17(1), 107-112.
Cheung WH, Mok HW, Qin L, Sze PC, Lee KM, Leung KS. (2007) High-frequency
whole-body vibration improves balancing ability in elderly women. Archives of
Physical Medicine and Rehabilitation, 88(7), 852-857.
Chien MY, Huang TY, Wu YT. (2008) Prevalence of sarcopenia estimated using a
bioelectrical impedance analysis prediction equation in community-dwelling
elderly people in taiwan. Journal of the American Geriatrics Society, 56(9),
1710-1715.
Clark BC, Manini TM. (2008) Sarcopenia =/= dynapenia. Journal of Gerontology A:
Biological Sciences and Medical Sciences, 63, 829–834.
Clarkson PM, Kroll W, Melchionda AM. (1981) Age, isometric strength, rate of
tension development and fiber type composition. Journal of Gerontology, 36(6),
648-653.

143

Cochrane DJ, Stannard SR. (2005) Acute whole body vibration training increases
vertical jump and flexibility performance in elite female field hockey players.
British Journal of Sports Medicine, 39, 860-865.
Coggan AR, Spina RJ, Rogers MA, King DS, Brown M, Nemeth PM, Holloszy JO.
(1990) Histochemical and enzymatic characteristics of skeletal muscle in master
athletes. Journal of Applied Physiology (Bethesda, Md.: 1985), 68(5),
1896-1901.
Connelly DM, Rice CL, Roos MR, Vandervoort AA. (1999) Motor unit firing rates
and contractile properties in tibialis anterior of young and old men. Journal of
Applied Physiology (Bethesda, Md.: 1985), 87(2), 843-852.
Cooper C, Dere W, Evans W, Kanis JA, Rizzoli R, Sayer AA, Sieber CC, Kaufman
JM, Abellan van Kan G, Boonen S, Adachi J, Mitlak B, Tsouderos Y, Rolland Y,
Reginster JY. (2012) Frailty and sarcopenia: Definitions and outcome parameters.
Osteoporosis International, 23(7), 1839-1848.
Cormie P, Deane RS, Triplett NT, McBride JM. (2006) Acute effects of whole-body
vibration on muscle activity, strength, and power. Journal of Strength and
Conditioning Research, 20, 257-261.
Cruz-Jentoft AJ, Baeyens JP, Bauer JM, Boirie Y, Cederholm T, Landi F, Martin FC,
Michel JP, Rolland Y, Schneider SM, TopinkováE, Vandewoude M, Zamboni M.
(2010) Sarcopenia: European consensus on definition and diagnosis: Report of
the European Working Group on Sarcopenia in Older People. Age and Ageing,
39(4), 412-423.

144

Da Silva-Grigoletto ME, Vaamonde DM, Castillo E, Poblador MS, García-Manso JM,
Lancho JL. (2009) Acute and cumulative effects of different times of recovery
from whole body vibration exposure on muscle performance. Journal of Strength
and Conditioning Research, 23(7), 2073-2082.
Da Silva-Grigoletto ME, De Hoyo M, Sañudo B, Carrasco L, García-Manso JM.
(2011) Determining the optimal whole-body vibration dose-response relationship
for muscle performance. Journal of Strength and Conditioning Research, 25(12),
3326-3333.
De Boer MD, Morse CI, Thom JM, De Haan A, Narici MV. (2007) Changes in
antagonist muscles' coactivation in response to strength training in older women.
Journal of Gerontology A: Biological Sciences and Medical Sciences, 62(9),
1022-1027.
Del Pozo-Cruz J, Alfonso-Rosa RM, Ugia JL, McVeigh JG, Pozo-Cruz BD, Sañudo B.
(2013) A primary care-based randomized controlled trial of 12-week whole-body
vibration for balance improvement in type 2 diabetes mellitus. Archives of
Physical Medicine and Rehabilitation, 94(11), 2112-2118.
Delecluse C, Roelants M, Verschueren S. (2003) Strength increase after whole-body
vibration compared with resistance training. Medicine & Science in Sports &
Exercise, 35(6), 1033-1041.
Delmonico MJ, Harris TB, Lee JS, Visser M, Nevitt M, Kritchevsky SB, Tylavsky FA,
Newman AB. (2007) Alternative definitions of sarcopenia, lower extremity

145

performance, and functional impairment with aging in older men and women.
Journal of the American Geriatrics Society, 55(5), 769-774.
Delmonico MJ, Harris TB, Visser M, Park SW, Conroy MB, Velasquez-Mieyer P,
Boudreau R, Manini TM, Nevitt M, Newman AB, Goodpaster BH. (2009)
Longitudinal study of muscle strength, quality, and adipose tissue infiltration.
American Journal of Clinical Nutrition, 90(6), 1579-1585.
Desai A, Goodman V, Kapadia N, Shay BL, Szturm T. (2010) Relationship between
dynamic balance measures and functional performance in community-dwelling
elderly people. Physical Therapy, 90(5), 748-60.
Despina T, George D, George T, Sotiris P, Alessandra DC, George K, Maria R,
Stavros K. (2014) Short-term effect of whole-body vibration training on balance,
flexibility and lower limb explosive strength in elite rhythmic gymnasts. Human
Movement Science, 33, 149-158.
Di Giminiani R, Masedu F, Tihanyi J, Scrimaglio R, Valenti M. (2013) The interaction
between body position and vibration frequency on acute response to whole body
vibration. Journal of Electromyography & Kinesiology, 23(1), 245-251.
Doherty TJ, Brown WF. (1997) Age-related changes in the twitch contractile
properties of human thenar motor units. Journal of Applied Physiology (Bethesda,
Md.: 1985), 82(1), 93-101.
Dontje ML, De Greef MH, Speelman AD, Van Nimwegen M, Krijnen WP, Stolk RP,
Kamsma YP, Bloem BR, Munneke M, Van Der Schans CP. (2013) Quantifying

146

daily physical activity and determinants in sedentary patients with Parkinson's
disease. Parkinsonism and Related Disorders, 19(10), 878-882.
Duc S, Munera M, Chiementin X, Bertucci W. (2014) Effect of vibration frequency
and angle knee flexion on muscular activity and transmissibility function during
static whole body vibration exercise. Computer Methods in Biomechanics and
Biomedical Engineering, 17 Suppl 1, 116-117.
Ebersbach G, Edler D, Kaufhold O, Wissel J. (2008) Whole body vibration versus
conventional physiotherapy to improve balance and gait in Parkinson's disease.
Archives of Physical Medicine and Rehabilitation, 89(3), 399-403.
Eklund G, Hagbarth KE. (1966) Normal variability of tonic vibration reflexes in man.
Exprimental Neurology, 16, 80-92.
Enoka R. (2002) Neuromechanics of Human Movement (3rd edition). Human Kinetics,
Champaign, IL. USA.
Erskine J, Smillie I, Leiper J, Ball D, Cardinale M. (2007) Neuromuscular and
hormonal responses to a single session of whole body vibration exercise in
healthy young men. Clinical Physiology and Functional Imaging, 27(4),
242-248.
Faulkner JA, Brooks SV, Zerba E. (1990) Skeletal muscle weakness and fatigue in old
age: Underlying mechanisms. Annual Review of Gerontology & Geriatrics, 10,
147-166.
Ferrucci L, Guralnik JM, Buchner D, Kasper J, Lamb SE, Simonsick EM, Corti MC,
Bandeen-Roche K, Fried LP. (1997) Departures from linearity in the relationship

147

between measures of muscular strength and physical performance of the lower
extremities: The women's health and aging study. Journal of Gerontology A:
Biological Sciences and Medical Sciences, 52(5), M275-M285.
Fielding RA, LeBrasseur NK, Cuoco A, Bean J, Mizer K, Fiatarone Singh MA. (2002)
High-velocity resistance training increases skeletal muscle peak power in older
women. Journal of the American Geriatrics Society, 50(4), 655-662.
Fielding RA, Vellas B, Evans WJ, Bhasin S, Morley JE, Newman AB, Abellan van
Kan G, Andrieu S, Bauer J, Breuille D, Cederholm T, Chandler J, De Meynard C,
Donini L, Harris T, Kannt A, Keime Guibert F, Onder G, Papanicolaou D,
Rolland Y, Rooks D, Sieber C, Souhami E, Verlaan S, Zamboni M. (2011)
Sarcopenia: An undiagnosed condition in older adults. current consensus
definition: Prevalence, etiology, and consequences. international working group
on sarcopenia. Journal of the American Medical Directors Association, 12(4),
249-256.
Fjeldstad C, Palmer IJ, Bemben MG, Bemben DA. (2009) Whole-body vibration
augments resistance training effects on body composition in postmenopausal
women. Maturitas, 63(1), 79-83.
Fort A, Romero D, Bagur C, Guerra M. (2012) Effects of whole-body vibration
training on explosive strength and postural control in young female athletes.
Journal of Strength and Conditioning Research, 26(4), 926-936.

148

Fragala MS, Fukuda DH, Stout JR, Townsend JR, Emerson NS, Boone CH, Beyer KS,
Oliveira LP, Hoffman JR. (2014) Muscle quality index improves with resistance
exercise training in older adults. Experimental Gerontology, 53, 1-6.
Fremerey, RW, Lobenhoffer, P, Zeichen, J, Skutek, M, Bosch, U, and Tscherne, H.
(2000) Proprioception after rehabilitation and reconstruction in knees with
deficiency of the anterior cruciate ligament: a prospective, longitudinal study.
Journal of Bone and Joint Surgery (British Volume), 82-B, 801–806.
Friesenbichler B, Lienhard K, Vienneau J, Nigg BM. (2014) Vibration transmission to
lower extremity soft tissues during whole-body vibration. Journal of
Biomechanics, 47(12), 2858-2862.
Frontera WR, Suh D, Krivickas LS, Hughes VA, Goldstein R, Roubenoff R. (2000a)
Skeletal muscle fiber quality in older men and women. The American Journal of
Physiology-Cell Physiology, 279(3), C611-C618.
Frontera WR, Hughes VA, Fielding RA, Fiatarone MA, Evans WJ, Roubenoff R.
(2000b) Aging of skeletal muscle: a 12-yr longitudinal study. Journal of Applied
Physiology (Bethesda, Md. : 1985), 88(4), 1321-1326.
Fukagawa NK, Bandini LG, Young JB (1990) Effect of age on body composition and
resting metabolic rate. American Journal of Physiology, Endocrinology and
Metabolism, 259, E233–E238.
Furness T, Joseph C, Naughton G, Welsh L, Lorenzen C. (2014) Benefits of
whole-body vibration to people with COPD: a community-based efficacy trial.
BMC Pulmonary Medicine, 14, 38.

149

Furness TP, Maschette WE. (2009) Influence of whole body vibration platform
frequency on neuromuscular performance of community-dwelling older adults.
Journal of Strength and Conditioning Research, 23(5), 1508-1513.
Gandevia SC. (2001) Spinal and supraspinal factors in human muscle fatigue.
Physiological Reviews, 81, 1725-1789.
Gardner AW, Forrester L, Smith GV. (2001) Altered gait profile in subjects with
peripheral arterial disease. Vascular Medicine, 6(1), 31-34.
Gerodimos V, Zafeiridis A, Karatrantou K, Vasilopoulou T, Chanou K, Pispirikou E.
(2010) The acute effects of different whole-body vibration amplitudes and
frequencies on flexibility and vertical jumping performance. Journal of Science
and Medicine in Sport, 13(4), 438-443.
Gielen S, Laughlin MH, O'Conner C, Duncker DJ. (2015) Exercise training in
patients with heart disease: review of beneficial effects and clinical
recommendations. Progress in Cardiovascular Diseases, 57(4), 347-355.
Giombini A, Macaluso A, Laudani L, Di Cesare A, Piccinini A, Pigozzi F, Saraceni
VM. (2013) Acute effect of whole-body vibration at optimal frequency on
muscle power output of the lower limbs in older women. American Journal of
Physical Medicine and Rehabilitation, 92(9), 797-804.
Goldberg A, Chavis M, Watkins J, Wilson T. (2012) The five-times-sit-to-stand test:
validity, reliability and detectable change in older females. Aging Clinical and
Experimental Research, 24(4), 339-344.

150

Gonzalez AM, Mangine GT, Fragala MS, Stout JR, Beyer KS, Bohner JD, Emerson
NS, Hoffman JR. (2014) Resistance training improves single leg stance
performance in older adults. Aging Clinical and Experimental Research, 26(1),
89-92.
Goodpaster BH, Park SW, Harris TB, Kritchevsky SB, Nevitt M, Schwartz AV,
Simonsick EM, Tylavsky FA, Visser M, Newman AB. (2006) The loss of
skeletal muscle strength, mass, and quality in older adults: the Health, Aging and
Body Composition Study. Journal of Gerontology A: Biological Sciences and
Medical Sciences, 61, 1059–1064.
Gray A, Berlin JA, McKinlay JB, Longcope C. (1991) An examination of research
design effects on the association of testosterone and male aging: results of a
meta-analysis. Journal of Clinical Epidemiology, 44(7), 671-684.
Grimby G, Danneskiold-Samsoe B, Hvid K, Saltin B. (1982) Morphology and
enzymatic capacity in arm and leg muscles in 78-81 year old men and women.
Acta physiologica Scandinavica, 115(1), 125-134.
Gryson C, Ratel S, Rance M, Penando S, Bonhomme C, Le Ruyet P, Duclos M,
Boirie Y, Walrand S. (2014) Four-month course of soluble milk proteins interacts
with exercise to improve muscle strength and delay fatigue in elderly participants.
Journal of the American Medical Directors Association, 15(12), 958.e1-e9.
Gusi N, Raimundo A, Leal A. (2006) Low-frequency vibratory exercise reduces the
risk of bone fracture more than walking: a randomized controlled trial. BMC
Musculoskeletal Disorders, 7, 92.

151

Gómez-Cabello A, González-Agüero A, Ara I, Casajús JA, Vicente-Rodrí
guez G.
(2013) Effects of a short-term whole body vibration intervention on physical
fitness in elderly people. Maturitas, 74(3), 276-278.
Hairi NN, Cumming RG, Naganathan V, Handelsman DJ, Le Couteur DG, Creasey H,
Waite LM, Seibel MJ, Sambrook PN. (2010) Loss of muscle strength, mass
(sarcopenia), and quality (specific force) and its relationship with functional
limitation and physical disability: the Concord Health and Ageing in Men Project.
Journal of the American Geriatrics Society, 58(11), 2055-2062.
Hannah R, Minshull C, Folland JP. (2013) Whole-body vibration does not influence
knee joint neuromuscular function or proprioception. Scandinavian Journal of
Medicine and Science in Sports, 23(1), 96-104.
Harridge SD, Bottinelli R, Canepari M, Pellegrino MA, Reggiani C, Esbjörnsson M,
Saltin B. (1996) Whole-muscle and single-fibre contractile properties and
myosin heavy chain isoforms in humans. European Journal of Physiology,
432(5), 913-920.
Harman SM, Metter EJ, Tobin JD, Pearson J, Blackman MR. (2001) Longitudinal
effects of aging on serum total and free testosterone levels in healthy men.
Baltimore Longitudinal Study of Aging. Journal of Clinical Endocrinology and
Metabolism, 86(2), 724-731.
Herbert RD, Dean C, Gandevia SC. (1998) Effects of real and imagined training on
voluntary muscle activation during maximal isometric contractions. Acta
physiologica Scandinavica, 163(4), 361-368.

152

Herbert RD, Gandevia SC. (1999) Twitch interpolation in human muscles:
Mechanisms and implications of measurement of voluntary activation. Journal
of Neurophysiology, 82, 2271-2283.
Hiroshige K, Mahbub MH, Harada N. (2014) Effects of whole-body vibration on
postural balance and proprioception in healthy young and elderly subjects: a
randomized cross-over study. Journal of Sports Medine and Physical Fitness,
54(2), 216-24.
Hofmann M, Halper B, Oesen S, Franzke B, Stuparits P, Tschan H, Bachl N, Strasser
EM, Quittan M, Ploder M, Wagner KH, Wessner B. (2015) Serum concentrations
of insulin-like growth factor-1, members of the TGF-beta superfamily and
follistatin do not reflect different stages of dynapenia and sarcopenia in elderly
women. Experimental Gerontology, 64, 35-45.
Houston DK, Nicklas BJ, Ding J, Harris TB, Tylavsky FA, Newman AB, Lee JS,
Sahyoun NR, Visser M, Kritchevsky SB. (2008) Dietary protein intake is
associated with lean mass change in older, community-dwelling adults: The
health, aging, and body composition (health ABC) study. American Journal of
Clinical Nutrition, 87(1), 150-155.
Hrysomallis C. (2011) Balance ability and athletic performance. Sports Medicine,
41(3), 221-232.
Hunter SK, Thompson MW, Adams RD. (2000) Relationships among age-associated
strength changes and physical activity level, limb dominance, and muscle group

153

in women. Journal of Gerontology A: Biological Sciences and Medical Sciences,
55(6), B264-B273.
Hurley MV, Rees J, Newham DJ. (1998) Quadriceps function, proprioceptive acuity
and functional performance in healthy young, middle-aged and elderly subjects.
Age and Ageing, 27(1), 55-62.
Häkkinen K, Alen M, Kallinen M, Newton RU, Kraemer WJ. (2000) Neuromuscular
adaptation during prolonged strength training, detraining and re-strength-training
in middle-aged and elderly people. European Journal of Applied Physiology,
83(1), 51-62.
Item F, Denkinger J, Fontana P, Weber M, Boutellier U, Toigo M. (2011) Combined
effects of whole-body vibration, resistance exercise, and vascular occlusion on
skeletal muscle and performance. International Journal of Sports Medicine,
32(10), 781-787.
Iwamoto J, Sato Y, Takeda T, Matsumoto H. (2012) Whole body vibration exercise
improves body balance and walking velocity in postmenopausal osteoporotic
women treated with alendronate: Galileo and Alendronate Intervention Trail
(GAIT). Journal of Musculoskeletal & Neuronal Interactions, 12(3), 136-143.
Janssen I, Heymsfield SB, Baumgartner RN, Ross R. (2000a) Estimation of skeletal
muscle mass by bioelectrical impedance analysis. Journal of Applied Physiology,
89(2), 465-71.

154

Janssen I, Heymsfield SB, Ross R. (2002) Lower relative skeletal muscla mass
(sarcopenia) in older person is associated with functional impairment and
physical disability. Journal of the American Geriatrics Society, 50(5), 889–896.
Janssen I, Heymsfield SB, Wang ZM, Ross R. (2000b) Skeletal muscle mass and
distribution in 468 men and women aged 18-88 yr. Journal of Applied
Physiology, 89(1), 81-88.
Jenkins ND, Housh TJ, Palmer TB, Cochrane KC, Bergstrom HC, Johnson GO,
Schmidt RJ, Cramer JT. (2015) Relative differences in strength and power from
slow to fast isokinetic velocities may reflect dynapenia. Muscle & Nerve, 52(1),
120-130.
Johnson AW, Myrer JW, Hunter I, Feland JB, Hopkins JT, Draper DO, Eggett D.
(2010)

Whole-body

vibration

strengthening

compared

to

traditional

strengthening during physical therapy in individuals with total knee arthroplasty.
Physiotherapy Theory and Practice, 26(4), 215-225.
Kaiser M, Bandinelli S, Lunenfeld B. (2010) Frailty and the role of nutrition in older
people. A review of the current literature. Acta Biomedica, 81 Suppl 1, 37-45.
Kallio J, Søgaard K, Avela J, Komi P, Selänne H, Linnamo V. (2012) Age-related
decreases in motor unit discharge rate and force control during isometric plantar
flexion. Journal of Electromyography & Kinesiology, 22(6), 983-989.
Kamen G, Knight CA. (2004) Training-related adaptations in motor unit discharge
rate in young and older adults. Journal of Gerontology A: Biological Sciences
and Medical Sciences, 59, 1334-1338.

155

Kanehisa H, Fukunaga T. (2014) Age-related change in sit-to-stand power in Japanese
women aged 50 years or older. Journal of Physiological Anthropology, 33, 26.
Karatrantou K, Gerodimos V, Dipla K, Zafeiridis A. (2013) Whole-body vibration
training

improves

flexibility,

strength

profile

of

knee

flexors,

and

hamstrings-to-quadriceps strength ratio in females. Journal of Science and
Medicine in Sport, 16(5), 477-481.
Katoh M, Isozaki K. (2014) Reliability of isometric knee extension muscle strength
measurements of healthy elderly subjects made with a hand-held gynamometer
and a belt. Journal of Physical Therapy Science, 26(12), 1855-1859.
Keen DA, Yue GH, Enoka RM. (1994) Training-related enhancement in the control of
motor output in elderly humans. Journal of Applied Physiology (Bethesda, Md.:
1985), 77(6), 2648-2658.
Kennis E, Verschueren SM, Bogaerts A, Coudyzer W, Boonen S, Delecluse C. (2013)
Effects of fitness and vibration training on muscle quality: a 1-year
postintervention follow-up in older men. Archives of Physical Medicine and
Rehabilitation, 94(5), 910-918.
Kenny AM, Kleppinger A, Wang Y, Prestwood KM. (2005) Effects of ultra-low-dose
estrogen therapy on muscle and physical function in older women. Journal of the
American Geriatrics Society, 53(11), 1973-1977.
Kent-Braun JA, Ng AV, Young K. (2000) Skeletal muscle contractile and
noncontractile components in young and older women and men. Journal of
Applied Physiology (Bethesda, Md. : 1985), 88(2), 662-668.

156

Kim GH, Suzuki S, Kanda K. (2007) Age-related physiological and morphological
changes of muscle spindles in rats. Journal of Physiology, 582, 525–538.
Kim HK, Suzuki T, Saito K, Yoshida H, Kobayashi H, Kato H, Katayama M. (2012b)
Effects of exercise and amino acid supplementation on body composition and
physical function in community-dwelling elderly Japanese sarcopenic women: a
randomized controlled trial. Journal of the American Geriatrics Society, 60(1),
16-23.
Kim JS, Wilson JM, Lee SR. (2010) Dietary implications on mechanisms of
sarcopenia: Roles of protein, amino acids and antioxidants. Journal of
Nutritional Biochemistry, 21(1), 1-13.
Kim YS, Lee Y, Chung YS, Lee DJ, Joo NS, Hong D, Song Ge, Kim HJ, Choi YJ,
Kim KM. (2012a) Prevalence of sarcopenia and sarcopenic obesity in the korean
population based on the fourth korean national health and nutritional
examination surveys. Journal of Gerontology A: Biological Sciences and
Medical Sciences, 67(10), 1107-1113.
Knight CA, Kamen G. (2001) Adaptations in muscular activation of the knee extensor
muscles with strength training in young and older adults. Journal of
Electromyography & Kinesiology, 11(6), 405-412.
Komi PV. (2002) Strength and Power in Sport (2nd edition). Olympic Encyclopaedia
of Sports Medicine Volume III, Blackwell Science, University Press, Cambridge,
USA.

157

Korhonen MT, Mero A, Suominen H. (2003) Age-related differences in 100-m sprint
performance in male and female master runners. Medicine & Science in Sports &
Exercise, 35(8), 1419-1428.
Krol P, Piecha M, Slomka K, Sobota G, Polak A, Juras G. (2011) The effect of
whole-body vibration frequency and amplitude on the myoelectric activity of
vastus medialis and vastus lateralis. Journal of Sports Science and Medicine,
10(1), 169-174.
Lam FM, Lau RW, Chung RC, Pang MY. (2012) The effect of whole body vibration
on balance, mobility and falls in older adults: a systematic review and
meta-analysis. Maturitas, 72(3), 206-213.
Lamont HS, Cramer JT, Bemben DA, Shehab RL, Anderson MA, Bemben MG. (2009)
Effects of a 6-week periodized squat training program with or without
whole-body vibration on jump height and power output following acute vibration
exposure. Journal of Strength and Conditioning Research, 23(8), 2317-2325.
Landi F, Cruz-Jentoft AJ, Liperoti R, Russo A, Giovannini S, Tosato M, Capoluongo
E, Bernabei R, Onder G. (2013) Sarcopenia and mortality risk in frail older
persons aged 80 years and older: results from ilSIRENTE study. Age and Ageing,
42(2), 203-209.
Landi F, Liperoti R, Russo A, Giovannini S, Tosato M, Capoluongo E, Bernabei R,
Onder G. (2012) Sarcopenia as a risk factor for falls in elderly individuals:
results from the ilSIRENTE study. Clinical Nutrition, 31(5), 652-658.

158

Langlois JA, Keyl PM, Guralnik JM, Foley DJ, Marottoli RA, Wallace RB. (1997)
Characteristics of older pedestrians who have difficulty crossing the street.
American Journal of Public Health, 87(3), 393-397.
Larsson L. (1982) Physical training effects on muscle morphology in sedentary males
at different ages. Medicine & Science in Sports & Exercise, 14(3), 203-206.
Larsson L, Sjodin B, Karlsson J. (1978) Histochemical and biochemical changes in
human skeletal muscle with age in sedentary males, age 22--65 years. Acta
Physiologica Scandinavica, 103(1), 31-39.
Latham NK, Anderson CS, Reid IR. (2003) Effects of vitamin D supplementation on
strength, physical performance, and falls in older persons: A systematic review.
Journal of American Geriatrics Society, 51(9), 1219-1226.
Lau EM, Lynn HS, Woo JW, Kwok TC, Melton LJ3rd. (2005) Prevalence of and risk
factors for sarcopenia in elderly chinese men and women. Journal of
Gerontology A: Biological Sciences and Medical Sciences, 60(2), 213-216.
Lau RW, Yip SP, Pang MY. (2012) Whole-body vibration has no effect on neuromotor
function and falls in chronic stroke. Medicine & Science in Sports & Exercise,
44(8), 1409-1418.
Lauretani F, Russo CR, Bandinelli S, Bartali B, Cavazzini C, Di Iorio A, Corsi AM,
Rantanen T, Guralnik JM, Ferrucci L. (2003) Age-associated changes in skeletal
muscles and their effect on mobility: An operational diagnosis of sarcopenia.
Journal of Applied Physiology (Bethesda, Md.: 1985), 95(5), 1851-1860.

159

Lee SB, Kang KY. (2013) The effects of isokinetic eccentric resistance exercise for
the hip joint on functional gait of stroke patients. Journal of Physical Therapy
Science, 25(9), 1177-1179.
Lexell J, Downham D. (1992) What is the effect of ageing on type 2 muscle fibres?
Journal of the Neurological Sciences, 107(2), 250-251.
Lexell J, Taylor CC, Sjostrom M. (1988) What is the cause of the ageing atrophy?
total number, size and proportion of different fiber types studied in whole vastus
lateralis muscle from 15- to 83-year-old men. Journal of the Neurology Sciences,
84(2-3), 275-294.
Lienhard K, Cabasson A, Meste O, Colson SS. (2014) Determination of the optimal
parameters maximizing muscle activity of the lower limbs during vertical
synchronous whole-body vibration. European Journal of Applied Physiology,
114(7), 1493-1501.
Liu CK, Leng X, Hsu FC, Kritchevsky SB, Ding J, Earnest CP, Ferrucci L,
Goodpaster BH, Guralnik JM, Lenchik L, Pahor M, Fielding RA. (2014) The
impact of sarcopenia on a physical activity intervention: the Lifestyle
Interventions and Independence for Elders Pilot Study (LIFE-P). Journal of
Nutrition, Health & Aging, 18(1), 59-64.
Lohman EB 3rd, Sackiriyas KS, Bains GS, Calandra G, Lobo C, Nakhro D,
Malthankar G, Paul S. (2012) A comparison of whole body vibration and moist
heat on lower extremity skin temperature and skin blood flow in healthy older
individuals. Medical Science Monitor, 18(7), CR415-CR424.

160

Lord SR, Rogers MW, Howland A, Fitzpatrick R. (1999) Lateral stability,
sensorimotor function and falls in older people. Journal of the American
Geriatrics Society, 47(9), 1077-1081.
Machado A, García-López D, González-Gallego J, Garatachea N. (2010) Whole-body
vibration training increases muscle strength and mass in older women: a
randomized-controlled trial. Scandinavian Journal of Medicine and Science in
Sports, 20(2), 200-207.
MacRae PG, Lacourse M, Moldavon R. (1992) Physical performance measures that
predict faller status in community-dwelling older adults. Journal of Orthopedic
and Sports Physical Therapy, 16, 123–128.
Maltais ML, Desroches J, Dionne IJ. (2009) Changes in muscle mass and strength
after menopause. Journal of Musculoskeletal & Neuronal Interactions, 9(4),
186-197.
Marí
n PJ, Ferrero CM, Menéndez H, Martín J, Herrero AJ. (2013) Effects of
whole-body vibration on muscle architecture, muscle strength, and balance in
stroke patients: a randomized controlled trial. American Journal of Physical
Medicine and Rehabilitation, 92(10), 881-888.
Marí
n PJ, Hazell TJ, García-Gutiérrez MT, Cochrane DJ. (2014) Acute unilateral leg
vibration exercise improves contralateral neuromuscular performance. Journal of
Musculoskeletal & Neuronal Interactions, 14(1), 58-67.
Marí
n P, Rhea M. (2010) Effects of vibration training on muscle strength: a
meta-analysis. Journal of Strength and Conditioning Research, 24(2), 548–556.

161

Marí
n PJ, Santos-Lozano A, Santin-Medeiros F, Vicente-Rodriguez G, Casajús JA,
Hazell TJ, Garatachea N. (2012) Whole-body vibration increases upper and
lower body muscle activity in older adults: potential use of vibration accessories.
Journal of Electromyography & Kinesiology, 22(3), 456-462.
Mason C, Xiao L, Imayama I, Duggan CR, Foster-Schubert KE, Kong A, Campbell
KL, Wang CY, Villasenor A, Neuhouser ML, Alfano CM, Blackburn GL,
McTiernan A. (2013) Influence of diet, exercise, and serum vitamin d on
sarcopenia in postmenopausal women. Medicine & Science in Sports & Exercise,
45(4), 607-614.
Maughan RJ, Watson JS, Weir J. (1983) Strength and cross-sectional area of human
skeletal muscle. Journal of Physiology, 338: 37–49.
Mayson DJ, Kiely DK, LaRose SI, Bean JF. (2008) Leg strength or velocity of
movement: Which is more influential on the balance of mobility limited elders?
American Journal of Physical Medicine and Rehabilitation, 87(12), 969-976.
McComas AJ, Galea V, De Bruin H. (1993) Motor unit populations in healthy and
diseased muscles. Physical Therapy, 73(12), 868-877.
Melton LJ,3rd, Khosla S, Crowson CS, O'Connor MK, O'Fallon WM, Riggs BL.
(2000) Epidemiology of sarcopenia. Journal of the American Geriatrics Society,
48(6), 625-630.
Michikawa T, Nishiwaki Y, Takebayashi T, Toyama Y. (2009) One-leg standing test
for elderly populations. Journal of Orthopedic Science, 14(5),675-685.

162

Mikhael M, Orr R, Amsen F, Greene D, Singh MA. (2010) Effect of standing posture
during whole body vibration training on muscle morphology and function in
older adults: a randomised controlled trial. BMC Geriatrics, 10, 74.
Milanese C, Piscitelli F, Zenti MG, Moghetti P, Sandri M, Zancanaro C. (2013)
Ten-week whole-body vibration training improves body composition and muscle
strength in obese women. International Journal of Medical Sciences, 10(3),
307-311.
Milanović Z, Pantelić S, Trajković N, Sporiš G, Kostić R, James N. (2013)
Age-related decrease in physical activity and functional fitness among elderly
men and women. Clinical Interventions in Aging, 8, 549-556.
Mileva KN, Naleem AA, Biswas SK, Marwood S, Bowtell JL. (2006) Acute effects of
a vibration-like stimulus during knee extension exercise. Medicine & Science in
Sports & Exercise, 38, 1317-1328.
Miwa T, Miwa Y, Kanda K. (1995) Dynamic and static sensitivities of muscle spindle
primary endings in aged rats to ramp stretch. Neuroscience Letters, 201,
179-182.
Miyara K, Matsumoto S, Uema T, Hirokawa T, Noma T, Shimodozono M, Kawahira
K. (2014) Feasibility of using whole body vibration as a means for controlling
spasticity in post-stroke patients: a pilot study. Complementary Therapy Clinical
Practice, 20(1), 70-73.

163

Molloy CB, Al-Omar AO, Edge KT, Cooper RG. (2006) Voluntary activation failure
is detectable in some myositis patients with persisting quadriceps femoris
weakness: An observational study. Arthritis Research & Therapy, 8(3), R67.
Montero-Fernández N, Serra-Rexach JA. (2013) Role of exercise on sarcopenia in the
elderly. European Journal of Physical and Rehabilitation Medicine, 49(1),
131-143.
Moritani T, DeVries HA. (1979) Neural factors versus hypertrophy in the time-course
of muscle strength gain. American Journal of Physical Medicine and
Rehabilitation, 58, 115-130.
Morley JE, Baumgartner RN, Roubenoff R, Mayer J, Nair KS. (2001) Sarcopenia.
Journal of Laboratory and Clinical Medicine, 137(4), 231-243.
Morley JE, Kim MJ, Haren MT, Kevorkian R, Banks WA. (2005) Frailty and the
aging male. Aging Male, 8(3-4), 135-140.
Nair KS, Rizza RA, O'Brien P, Dhatariya K, Short KR, Nehra A, Vittone JL, Klee GG,
Basu A, Basu R, Cobelli C, Toffolo G, Dalla Man C, Tindall DJ, Melton LJ 3rd,
Smith GE, Khosla S, Jensen MD. (2006) DHEA in elderly women and DHEA or
testosterone in elderly men. The New England Journal of Medicine, 355(16),
1647-1659.
Narici MV, Maganaris CN. (2007) Plasticity of the muscle-tendon complex with
disuse and aging. Exercise and Sport Science Reviews, 35, 126 –134.
Nass R, Pezzoli SS, Oliveri MC, Patrie JT, Harrell FE Jr, Clasey JL, Heymsfield SB,
Bach MA, Vance ML, Thorner MO. (2008) Effects of an oral ghrelin mimetic on

164

body composition and clinical outcomes in healthy older adults: a randomized
trial. Annals of Internal Medicine, 149(9), 601-611.
Newman AB, Kupelian V, Visser M, Simonsick EM, Goodpaster BH, Kritchevsky SB,
Tylavsky FA, Rubin SM, Harris TB. (2006) Strength, but not muscle mass, is
associated with mortality in the health, aging and body composition study cohort.
Journal of Gerontology A: Biological Sciences and Medical Sciences, 61(1),
72-77.
Nunes VA, Gozzo AJ, Juliano MA, César MC, Sampaio MU, Sampaio CA, Araújo
MS. (2003) Antioxidant dietary deficiency induces caspase activation in chick
skeletal muscle cells. Brazilian Journal of Medical and Biological Research,
36(8), 1047-1053.
Nunnally JC, Bernstein IH. (1994) Psychometric theory. New York: McGraw-Hill.
O'Connell MD, Roberts SA, Srinivas-Shankar U, Tajar A, Connolly MJ, Adams JE,
Oldham JA, Wu FC. (2011) Do the effects of testosterone on muscle strength,
physical function, body composition, and quality of life persist six months after
treatment in intermediate-frail and frail elderly men? Journal of Clinical
Endocrinology & Metabolism, 96(2), 454-458.
Paddon-Jones D, Short KR, Campbell WW, Volpi E, Wolfe RR. (2008) Role of
dietary protein in the sarcopenia of aging. American Journal of Clinical
Nutrition, 87(5), 1562S-1566S.
Pamukoff DN, Haakonssen EC, Zaccaria JA, Madigan ML, Miller ME, Marsh AP.
(2014) The effects of strength and power training on single-step balance

165

recovery in older adults: a preliminary study. Clinical Intervention in Aging, 9,
697-704.
Papanicolaou DA, Ather SN, Zhu H, Zhou Y, Lutkiewicz J, Scott BB, Chandler J.
(2013) A phase IIA randomized, placebo-controlled clinical trial to study the
efficacy and safety of the selective androgen receptor modulator (SARM),
MK-0773 in female participants with sarcopenia. Journal of Nutrition, Health &
Aging, 17(6), 533-543.
Patten C, Kamen G, Rowland DM. (2001) Adaptations in maximal motor unit
discharge rate to strength training in young and older adults. Muscle & Nerve,
24(4), 542-555.
Paul SS, Canning CG, Song J, Fung VS, Sherrington C. (2014) Leg muscle power is
enhanced by training in people with Parkinson's disease: a randomized controlled
trial. Clinical Rehabilitation, 28(3), 275-288.
Petit PD, Pensini M, Tessaro J, Desnuelle C, Legros P, Colson SS. (2010) Optimal
whole-body vibration settings for muscle strength and power enhancement in
human knee extensors. Journal of Electromyography & Kinesiology, 20(6),
1186-1195.
Phillips SK, Rook KM, Siddle NC, Bruce SA, Woledge RC. (1993) Muscle weakness
in women occurs at an earlier age than in men, but strength is preserved by
hormone re- placement therapy. Clinical Science (London, England: 1979), 84,
95-98.

166

Pisciottano MV, Pinto SS, Szejnfeld VL, Castro CH. (2014) The relationship between
lean mass, muscle strength and physical ability in independent healthy elderly
women from the community. Journal of Nutrition, Health & Aging, 18(5),
554-558.
Pittenger D. (2003) Behavioural Research Design and Analysis. New York:
McGraw-Hill.
Podsiadlo D, Richardson S. (1991) The timed "Up & Go": a test of basic functional
mobility for frail elderly persons. Journal of the American Geriatrics Society,
39(2), 142-148.
Pollock RD, Martin FC, Newham DJ. (2012a) Whole-body vibration in addition to
strength and balance exercise for falls-related functional mobility of frail older
adults: a single-blind randomized controlled trial. Clinical Rehabilitation, 26(10),
915-923.
Pollock RD, Woledge RC, Mills KR, Martin FC, Newham DJ. (2010) Muscle activity
and acceleration during whole body vibration: effect of frequency and amplitude.
Clinical Biomechanics (Bristol, Avon), 25(8), 840-846.
Pollock RD, Woledge RC, Martin FC, Newham DJ. (2012b) Effects of whole body
vibration on motor unit recruitment and threshold. Journal of Applied Physiology
(Bethesda, Md. : 1985),112(3), 388-395.
Porta M. (2014). "Death rate". A Dictionary of Epidemiology (5th ed.). Oxford:
Oxford University Press.

167

Portney LG, Watkins MP. (2009) Foundations of Clinical Research. Applications to
Practice. Third Edition. Pearson Education, Inc., Upper Saddle River, New
Jersey.
Proske U, Gandevia SC. (2012) The proprioceptive senses: the roles in signaling body
shape, body position and movement, and muscle force. Physiological Reviews,
92, 1651-1697.
Rafique R, Schapira AH, Coper JM. (2004) Mitochondrial respiratory chain
dysfunction in ageing; influence of vitamin E deficiency. Free Radical Research,
38(2), 157-165.
Raimundo AM, Gusi N, Tomas-Carus P. (2009) Fitness efficacy of vibratory exercise
compared to walking in postmenopausal women. European Journal of Applied
Physiology, 106(5), 741-748.
Rantanen T, Guralnik JM, Sakari-Rantala R, Leveille S, Simonsick EM, Ling S, Fried
LP. (1999) Disability, physical activity, and muscle strength in older women: The
women's health and aging study. Archives of Physical Medicine and
Rehabilitation, 80(2), 130-135.
Rees SS, Murphy AJ, Watsford ML. (2008) Effects of whole-body vibration exercise
on lower-extremity muscle strength and power in an older population: a
randomized clinical trial. Physical Therapy, 88(4), 462-470.
Rees SS, Murphy AJ, Watsford ML. (2009) Effects of whole body vibration on
postural steadiness in an older population. Journal of Science and Medicine in
Sport, 12(4), 440-444.

168

Reid KF, Callahan DM, Carabello RJ, Phillips EM, Frontera WR, Fielding RA.
(2008b) Lower extremity power training in elderly subjects with mobility
limitations: a randomized controlled trial. Aging Clinical and Experimental
Research, 20(4), 337-343.
Reid KF, Naumova EN, Carabello RJ, Phillips EM, Fielding RA. (2008a) Lower
extremity muscle mass predicts functional performance in mobility-limited
elders. Journal of Nutrition, Health & Aging, 12(7), 493-498.
Ribeiro F, Oliveira J. (2010) Effect of physical exercise and age on knee joint position
sense. Archives of Gerontology and Geriatrics, 51(1), 64-67.
Ries JD, Echternach JL, Nof L, Gagnon Blodgett M. (2009) Test-retest reliability and
minimal detectable change scores for the timed "up & go" test, the six-minute
walk test, and gait speed in people with Alzheimer disease. Physical Therapy,
89(6), 569-579.
Rittweger J. (2010) Vibration as an exercise modality: How it may work, and what its
potential might be. European Journal of Applied Physiology, 108(5), 877-904.
Roelants M, Delecluse C, Goris M, Verschueren S. (2004a) Effects of 24 weeks of
whole body vibration training on body composition and muscle strength in
untrained females. International Journal of Sports Medicine, 25(1), 1-5.
Roelants M, Delecluse C, Verschueren SM. (2004b) Whole-body-vibration training
increases knee-extension strength and speed of movement in older women.
Journal of the American Geriatrics Society, 52(6), 901-908.

169

Roll JP, Vedel JP, Ribot E. (1989) Alteration of proprioceptive messages induced by
tendon vibration in man-a microneurographic study. Experimental Brain
Research, 76, 213-222.
Rolland YM, Perry HM3rd, Patrick P, Banks WA, Morley JE. (2007) Loss of
appendicular muscle mass and loss of muscle strength in young postmenopausal
women. Journal of Gerontology A: Biological Sciences and Medical Sciences,
62(3), 330-335.
Rosenberg IH. (1997) Sarcopenia: Origins and clinical relevance. Journal of Nutrition,
127(5 Suppl), 990S-991S.
Roubenoff R. (2001) Origins and clinical relevance of sarcopenia. Canadian Journal
of Applied Physiology, 26, 78-89.
Rousset S, Patureau Mirand P, Brandolini M, Martin JF, Boirie Y. (2003) Daily
protein intakes and eating patterns in young and elderly French. British Journal
of Nutrition, 90(6), 1107-1115.
Runge M, Rehfeld G, Resnicek E (2000) Balance training and exercise in geriatric
patients. Journal of Musculoskeletal & Neuronal Interactions, 1(1), 61-65.
Rønnestad BR. (2009) Acute effects of various whole body vibration frequencies on
1RM in trained and untrained subjects. Journal of Strength and Conditioning
Research, 23(7), 2068-2072.
Rønnestad BR, Holden G, Samnøy LE, Paulsen G. (2012) Acute effect of whole-body
vibration on power, one-repetition maximum, and muscle activation in power
lifters. Journal of Strength and Conditioning Research, 26(2), 531-539.

170

Sale DG, Martin JE, Moroz DE. (1992) Hypertrophy without increased isometric
strength after weight training. Europen Journal of Applied Physiology and
Occupational Physiology, 64(1), 51-55.
Sanada K, Miyachi M, Tanimoto M, Yamamoto K, Murakami H, Okumura S, Gando
Y, Suzuki K, Tabata I, Higuchi M. (2010) A cross-sectional study of sarcopenia
in Japanese men and women: reference values and association with
cardiovascular risk factors. European Journal of Applied Physiology, 110(1), 57–
65.
Sayers SP, Bean J, Cuoco A, LeBrasseur NK, Jette A, Fielding RA. (2003) Changes in
function and disability after resistance training: does velocity matter?: a pilot
study. American Journal of Physical Medicine and Rehabilitation, 82(8),
605-613.
Scanlon TC, Fragala MS, Stout JR, Emerson NS, Beyer KS, Oliveira LP, Hoffman JR.
(2014) Muscle architecture and strength: adaptations to short-term resistance
training in older adults. Muscle & Nerve, 49(4), 584-592.
Scaglioni G, Ferri A, Minetti AE, Martin A, Van Hoecke J, Capodaglio P, Sartorio A,
Narici MV. (2002) Plantar flexor activation capacity and H reflex in older adults:
adaptations to strength training. Journal of Applied Physiology (Bethesda, Md. :
1985), 92(6), 2292-2302.
Schaap LA, Pluijm SM, Deeg DJ, Visser M. (2006) Inflammatory markers and loss of
muscle mass (sarcopenia) and strength. The American Journal of Medicine,
119(6), 526.e9-e17.

171

Schieppati M. (1987) The Hoffmann reflex: a means of assessing spinal reflex
excitability and its descending control in man. Progress in Neurobiology, 28(4),
345-376.
Segura-Ortí E, Martínez-Olmos FJ. (2011) Test-retest reliability and minimal
detectable change scores for sit-to-stand-to-sit tests, the six-minute walk test, the
one-leg heel-rise test, and handgrip strength in people undergoing hemodialysis.
Physical Therapy, 91(8), 1244-1252.
Shinohara M, Moritz CT, Pascoe MA, Enoka RM. (2005) Prolonged muscle vibration
increases stretch reflex amplitude, motor unit discharge rate, and force
fluctuations in a hand muscle. Journal of Applied Physiology (Bethesda, Md. :
1985), 99(5),1835-1842.
Simão AP, Avelar NC, Tossige-Gomes R, Neves CD, Mendonça VA, Miranda AS,
Teixeira MM, Teixeira AL, Andrade AP, Coimbra CC, Lacerda AC. (2012)
Functional performance and inflammatory cytokines after squat exercises and
whole-body vibration in elderly individuals with knee osteoarthritis. Archives of
Physical Medicine and Rehabilitation, 93(10), 1692-1700.
Sherrington CS. (1906) On the proprioceptive system, especially in its reflex aspects.
Brain, 29, 467-482.
Shield A, Zhou S. (2004) Assessing voluntary muscle activation with twitch
interpolation technique. Sports Medicine, 34(4), 256-267.

172

Shumway-Cook A, Anson D, Haller S. (1988) Postural sway biofeedback: its effect
on reestablishing stance stability in hemiplegic patients. Archives of Physical
Medicine and Rehabilitation, 69 (6), 395–400.
SipiläS, Suominen H. (1995) Effects of strength and endurance training on thigh and
leg muscle mass and composition in elderly women. Journal of Applied
Physiology (Bethesda, Md. : 1985), 78(1), 334-340.
Sitjà-Rabert M, Martínez-Zapata MJ, Fort Vanmeerhaeghe A, Rey Abella F,
Romero-Rodrí
guez D, Bonfill X. (2015) Effects of a Whole Body Vibration
(WBV) Exercise Intervention for Institutionalized Older People: A Randomized,
Multicentre, Parallel, Clinical Trial. Journal of the American Medical Directors
Association, 16(2), 125-131.
Skelton DA, Kennedy J, Rutherford OM. (2002) Explosive power and asymmetrical
deficit in leg muscle function in frequent fallers and non-fallers aged over 65.
Age and Ageing, 31(2), 119-125.
Srinivas-Shankar U, Roberts SA, Connolly MJ, O'Connell MD, Adams JE, Oldham
JA, Wu FC. (2010) Effects of testosterone on muscle strength, physical function,
body composition, and quality of life in intermediate-frail and frail elderly men:
a randomized, double-blind, placebo-controlled study. Journal of Clinical
Endocrinology and Metabolism, 95(2), 639-650.
Von Stengel S, Kemmler W, Engelke K, Kalender WA. (2012) Effect of whole-body
vibration on neuromuscular performance and body composition for females 65

173

years and older: a randomized-controlled trial. Scandinavian Journal of
Medicine and Science in Sports, 22(1), 119-127.
Von Stengel S, Kemmler W, Bebenek M, Engelke K, Kalender WA. (2011) Effects of
whole-body vibration training on different devices on bone mineral density.
Medicine & Science in Sports & Exercise, 43(6), 1071-1079.
Stenholm S, Tiainen K, Rantanen T, Sainio P, Heliövaara M, Impivaara O, Koskinen
S. (2012) Long-term determinants of muscle strength decline: prospective
evidence from the 22-year mini-Finland follow-up survey. Journal of the
American Geriatrics Society, 60(1), 77-85.
Stewart JA, Cochrane DJ, Morton RH. (2009) Differential effects of whole body
vibration durations on knee extensor strength. Journal of Science and Medicine
in Sport, 12(1), 50-53.
Stolzenberg N, Belavý DL, Rawer R, Felsenberg D. (2013a) Whole-body vibration
versus proprioceptive training on postural control in post-menopausal osteopenic
women. Gait & Posture, 38(3), 416-420.
Stolzenberg N, Belavý DL, Rawer R, Felsenberg D. (2013b) Vibration or balance
training on neuromuscular performance in osteopenic women. International
Journal of Sports Medicine, 34(11), 956-962.
Storer TW, Woodhouse L, Magliano L, Singh AB, Dzekov C, Dzekov J, Bhasin S.
(2008) Changes in muscle mass, muscle strength, and power but not physical
function are related to testosterone dose in healthy older men. Journal of the
American Geriatrics Society, 56(11), 1991-1999.

174

Suetta C, Aagaard P, Magnusson SP, Andersen LL, SipiläS, Rosted A, Jakobsen AK,
Duus B, Kjaer M. (2007) Muscle size, neuromuscular activation, and rapid force
characteristics in elderly men and women: Effects of unilateral long-term disuse
due to hip-osteoarthritis. Journal of Applied Physiology (Bethesda, Md.: 1985),
102(3), 942-948.
Suzuki M, Fujisawa H, Machida Y, Minakata S. (2013) Relationship between the
Berg Balance Scale and Static Balance Test in Hemiplegic Patients with Stroke.
Journal of Physical Therapy Science, 25(8), 1043-1049.
Swash M, Fox KP. (1972) The effect of age on human skeletal muscle. Studies of the
morphology and innervation of muscle spindles. Journal of the Neurological
Sciences, 16, 417– 432.
Sørensen MB, Rosenfalck AM, Højgaard L, Ottesen B. (2001) Obesity and sarcopenia
after menopause are reversed by sex hormone replacement therapy. Obesity
Research, 9(10), 622-626.
Taaffe DR, Newman AB, Haggerty CL, Colbert LH, De Rekeneire N, Visser M,
Goodpaster BH, Nevitt MC, Tylavsky FA, Harris TB. (2005) Estrogen
replacement, muscle composition, and physical function: The health ABC study.
Medicine & Science in Sports & Exercise, 37(10), 1741-1747.
Tankisheva E, Bogaerts A, Boonen S, Feys H, Verschueren S. (2014) Effects of
intensive whole-body vibration training on muscle strength and balance in adults
with chronic stroke: a randomized controlled pilot study. Archives of Physical
Medicine and Rehabilitation, 95(3), 439-446.

175

Tankisheva E, Jonkers I, Boonen S, Delecluse C, van Lenthe GH, Druyts HL,
Spaepen P, Verschueren SM. (2013) Transmission of whole-body vibration and
its effect on muscle activation. Journal of Strength and Conditioning Research,
27(9), 2533-2541.
Tanimoto Y, Watanabe M, Sun W, Sugiura Y, Hayashida I, Kusabiraki T, Tamaki J.
(2014) Sarcopenia and falls in community-dwelling elderly subjects in Japan:
Defining sarcopenia according to criteria of the European Working Group on
Sarcopenia in Older People. Archives of Gerontology and Geriatrics, 59(2),
295-299.
Thomson RL, Brinkworth GD, Noakes M, Buckley JD. (2015) Muscle strength gains
during resistance exercise training are attenuated with soy compared with dairy
or usual protein intake in older adults: A randomized controlled trial. Clinical
Nutrition. pii: S0261-5614(15)00040-0. doi: 10.1016/j.clnu.2015.01.018. [Epub
ahead of print]
Tichet J, Vol S, Goxe D, Salle A, Berrut G, Ritz P. (2008) Prevalence of sarcopenia in
the french senior population. Journal of Nutrition, Health & Aging, 12(3),
202-206.
Tieland M, Van De Rest O, Dirks ML, Van Der Zwaluw N, Mensink M, Van Loon LJ,
De Groot LC. (2012) Protein supplementation improves physical performance in
frail elderly people: a randomized, double-blind, placebo-controlled trial.
Journal of the American Medical Directors Association, 13(8), 720-726.

176

Trans T, Aaboe J, Henriksen M, Christensen R, Bliddal H, Lund H. (2009) Effect of
whole body vibration exercise on muscle strength and proprioception in females
with knee osteoarthritis. Knee, 16(4), 256-261.
Tsuji T, Kitano N, Tsunoda K, Himori E, Okura T, Tanaka K. (2014) Short-term
effects of whole-body vibration on functional mobility and flexibility in healthy,
older adults: a randomized crossover study. Journal of Geriatric Physical
Therapy, 37(2), 58-64.
Turner AP, Sanderson MF, Attwood LA. (2011) The acute effect of different
frequencies of whole-body vibration on countermovement jump performance.
Journal of Strength and Conditioning Research, 25(6), 1592-1597.
Ushiyama J, Masani K, Kouzaki M, Kanehisa H, Fukunaga T. (2005) Difference in
aftereffects following prolonged Achilles tendon vibration on muscle activity
during maximal voluntary contraction among plantar flexor synergists. Journal
of Applied Physiology (Bethesda, Md.: 1985), 98(4), 1427-1433.
Vandervoort AA, McComas AJ. (1986) Contractile changes in opposing muscles of
the human ankle joint with aging. Journal of Applied Physiology (Bethesda, Md.:
1985), 61(1), 361-367.
Verschueren SM, Brumagne S, Swinnen SP, Cordo PJ. (2002) The effect of aging on
dynamic position sense at the ankle. Behavioural Brain Research, 136(2),
593-603.
Verschueren SM, Roelants M, Delecluse C, Swinnen S, Vanderschueren D, Boonen S.
(2004) Effect of 6-month whole body vibration training on hip density, muscle

177

strength, and postural control in postmenopausal women: a randomized
controlled pilot study. Journal of Bone and Mineral Research, 19(3), 352-359.
Vetrano DL, Landi F, Volpato S, Corsonello A, Meloni E, Bernabei R, Onder G.
(2014) Association of sarcopenia with short- and long-term mortality in older
adults admitted to acute care wards: results from the CRIME study. Journal of
Gerontology A: Biological Sciences and Medical Sciences, 69(9), 1154-1161.
Weir JP. (2005) Quantifying test-retest reliability using the intraclass correlation
coefficient and the SEM. Journal of Strength and Conditioning Research, 19(1),
231-240.
Whittaker JL, Emery CA. (2014) Sonographic measures of the gluteus medius,
gluteus minimus, and vastus medialis muscles. Journal of Orthopedic and Sports
Physical Therapy, 44(8), 627-632.
Wilcock IM, Whatman C, Harris N, Keogh JW. (2009) Vibration training: Could it
enhance the strength, power, or speed of athletes? Journal of Strength and
Conditioning Research, 23(2), 593-603.
Wilhelm-Leen ER, Hall YN, Deboer IH, Chertow GM. (2010) Vitamin D deficiency
and frailty in older americans. Journal of Internal Medicine, 268(2), 171-180.
Wimalawansa SJ. (2011) Vitamin D: An essential component for skeletal health.
Annals of the New York Academy of Sciences, 1240, E1-E12.
Williams GN, Higgins MJ, Lewek MD. (2002) Aging skeletal muscle: Physiologic
changes and the effects of training. Physical Therapy, 82(1), 62-68.

178

Wirth B, Zurfluh S, Müller R. (2011) Acute effects of whole-body vibration on trunk
muscles in young healthy adults. Journal of Electromyography & Kinesiology,
21(3), 450-457.
Wolf SL, Catlin PA, Gage K, Gurucharri K, Robertson R, Stephen K. (1999)
Establishing the reliability and validity of measurements of walking time using
the Emory Functional Ambulation Profile. Physical Therapy, 79(12), 1122-1133.
Wong YM, Ng G. (2010) Resistance training alters the sensorimotor control of vasti
muscle. Journal of Electromyography & Kinesiology, 20(1), 180-184.
Yamada E, Kusaka T, Miyamoto K, Tanaka S, Morita S, Tanaka S, Tsuji S, Mori S,
Norimatsu H, Itoh S. (2005) Vastus lateralis oxygenation and blood volume
measured by near-infrared spectroscopy during whole body vibration. Clinical
Physiology and Functional Imaging, 25(4), 203-208.
Ye J, Ng G, Yuen K. (2014) Acute effects of whole-body vibration on trunk muscle
functioning in young healthy adults. Journal of Strength and Conditioning
Research, 28(10), 2872-2879.
Zaidell LN, Mileva KN, Sumner DP, Bowtell JL. (2013) Experimental evidence of the
tonic vibration reflex during whole-body vibration of the loaded and unloaded
leg. PLoS ONE, 8, e85247.
Zhang L, Weng C, Liu M, Wang Q, Liu L, He Y. (2014) Effect of whole-body
vibration exercise on mobility, balance ability and general health status in frail
elderly patients: a pilot randomized controlled trial. Clinical Rehabilitation,
28(1), 59-68.

179

