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Abstract There is a substantial body of evidence indicating that exercise prior to the
pubertal growth spurt stimulates bone growth and skeletal muscle hyper-
trophy to a greater degree than observed during growth in non-physically
active children. Bone mass can be increased by some exercise programmes in
adults and the elderly, and attenuate the losses in bone mass associated with
aging. This review provides an overview of cross-sectional and longitudinal
studies performed to date involving training and bone measurements. Cross-
sectional studies show in general that exercise modalities requiring high forces
and/or generating high impacts have the greatest osteogenic potential. Several
training methods have been used to improve bone mineral density (BMD)
and content in prospective studies. Not all exercise modalities have shown
positive effects on bone mass. For example, unloaded exercise such as
swimming has no impact on bone mass, while walking or running has limited
positive effects.

It is not clear which training method is superior for bone stimulation in
adults, although scientific evidence points to a combination of high-impact
(i.e. jumping) and weight-lifting exercises. Exercise involving high impacts,
even a relatively small amount, appears to be the most efficient for enhancing
bone mass, except in postmenopausal women. Several types of resistance
exercise have been tested also with positive results, especially when the
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intensity of the exercise is high and the speed of movement elevated.
A handful of other studies have reported little or no effect on bone density.
However, these results may be partially attributable to the study design,
intensity and duration of the exercise protocol, and the bone density mea-
surement techniques used. Studies performed in older adults show only mild
increases, maintenance or just attenuation of BMD losses in postmenopausal
women, but net changes in BMD relative to control subjects who are losing
bone mass are beneficial in decreasing fracture risk. Older men have been less
studied than women, and although it seems that menmay respond better than
their female counterparts, the experimental evidence for a dimorphism based
on sex in the osteogenic response to exercise in the elderly is weak. A ran-
domized longitudinal study of the effects of exercise on bone mass in elderly
men and women is still lacking. It remains to be determined if elderly females
need a different exercise protocol compared with men of similar age. Impact
and resistance exercise should be advocated for the prevention of osteo-
porosis. For those with osteoporosis, weight-bearing exercise in general, and
resistance exercise in particular, as tolerated, along with exercise targeted to
improve balance, mobility and posture, should be recommended to reduce
the likelihood of falling and its associated morbidity and mortality. Addi-
tional randomized controlled trials are needed to determine the most efficient
training loads depending on age, sex, current bone mass and training history
for improvement of bone mass.

The most important function of bone tissue is
to withstand and transmit forces without break-
ing. The strength of bone depends on the amount
of tissue, its material composition and how bone
material is organized microarchitecturally and
geometrically (shape and size).[1,2] As summar-
ized by Seeman and Delmas,[3] optimal bone tis-
sue characteristics are defined by optimal levels
of stiffness, flexibility and lightness. To efficiently
withstand and transmit loads, bone must be stiff
and able to resist deformation. However, it can-
not be too stiff – i.e. unable to absorb some
energy by shortening and widening when com-
pressed, and by lengthening and narrowing when
submitted to traction – otherwise the energy im-
posed during loading will be released by struc-
tural failure. Conversely, bone cannot be too
flexible, because on loading it could easily deform
beyond its peak strain, and fracture.[3] Bone must
also have the ability to continually adapt to
changes in physiological and mechanical
environment.

The mechanical properties of bone are de-
termined by twomajor factors: the characteristics

of the collagen matrix and the degree of miner-
alization, i.e. the amount of calcium hydroxy-
apatite crystals deposited on and between the
collagen fibres. Bone strength is primarily de-
termined by tissue mass and stiffness. While
stiffness is mainly determined by the mineral
phase,[4-7] the collagen matrix contributes pri-
marily to bone toughness resilience (i.e. the abi-
lity to absorb energy without breaking).[8-10]

Increasing bone mineral density (BMD) results in
greater stiffness but lower flexibility.[11]

Collagen, of which about 95% is type I col-
lagen, comprises about 80% of the total protein in
bone.[12] Collagen fibres are packed together by
the formation of inter- and intramolecular cross-
links. Mature crosslinks such as pyridinoline
(PYD) and deoxypyridinoline (DPD) reach a
maximum concentration between 15 and 40 years
of age, and their concentrations are lower in tra-
becular bone than in cortical bone.[13] If there are
too many crosslinks, the ability to absorb energy
diminishes, i.e. the bone becomes more brittle.
Likewise, without the collagen matrix the bone
becomes less elastic and more brittle.[14] In
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humans it has been shown that the compressive
biomechanical ultimate strength of bone is cor-
related, independently of BMD, with the ratio
PYD/DPD, but not with PYD, DPD or pyrrole
separately.[15] Non-fibrillar organic matrix acts
as the ‘glue’ that holds the mineralized fibrils
together.[16]

Bone strength also depends on the orientation
of osteons (and thus collagen fibres) within the
cortical bone.[17] Longitudinal fibres are found in
regions supporting tensile loads, while transverse
fibres predominate in regions under compressive
loading.[2,18] Part of the bone plasticity in re-
sponse to loading depends on its capacity to re-
orient its collagen fibres. For example, it has been
reported in dogs that a 10% reduction in vertebral
BMD elicited by a strenuous progressive running
programme (up to 40 km/day) for 1 year did not
change the bone mechanical properties.[19] These
dogs, compared with their sedentary counter-
parts, showed reorganization of the collagen fi-
bres in a more parallel manner without changes
in the concentration of crosslinks, suggesting
that collagen reorganization during exercise may
contribute to the maintenance of bone strength
despite decreased mineral density.[19]

Bone mechanical properties are modified de-
pending on loading, such that bone strength is
enhanced or reduced in response to either in-
creased or reduced mechanical loading.[3,20-22]

The adaptive response is very complex and de-
pends on the characteristics of loading history,
but also on systemic and local factors, which in-
clude neuroendocrine, endocrine and paracrine
changes in metabolites, cytokines, growth fac-
tors, hormones, vitamins and minerals.[23-27]

Excellent reviews have been published recently
on the molecular mechanisms that mediate adap-
tive responses of bone tissue to changes in load-
ing, and the interested reader is referred to
them.[24-26,28,29] The main signals for bone adapta-
tion to mechanical loading are the rate and magni-
tude of strain, which should reach minimal levels
or threshold to elicit structural modifications
in bone.[30-33] To enhance bone mass or BMD
in non-physically active humans, bone tissue
must be submitted to mechanical strains above
those experienced by daily living activities.[31,34]

Although experimental evidence indicates that
mechanical loads must be great to augment bone
mass, to induce bone strains sufficient to cause
microdamage and stimulate bone formation
through the repair of damaged tissue,[35,36] the
intensity of loading is not the only stimulus for
bone accretion, as demonstrated by Rubin
et al.[37,38] These authors demonstrated that high
frequency vibration (20–50Hz) of very low mag-
nitude (<10 microstrain), continually present
during even subtle activities such as standing,
increases trabecular bone mass in weight-bearing
regions of the skeleton in animals.[37-39]

Mechanical loading triggers a cascade of
cellular events that involve estrogen receptor-
alpha (ERa).[26] This may be the reason why
the osteogenic effect of loading is greater when
the estrogen receptor number is high, as during
adolescence, and less when the estrogen receptor
number is low, as occurs postmenopausally, dur-
ing amenorrhoea, or after ovariectomy.[26] Sig-
nals from calcium channels, G-proteins, integrins
and the cytoskeleton elicited by mechanical
loading are conveyed in the activation of key in-
tracellular enzymes leading to release of nitric
oxide, prostaglandin E2, transforming growth fac-
tor b, insulin-like growth factor (IGF)-I or IGF-II,
ultimately leading to bone formation.[28,29]

Osteoporosis is a reduction in BMD 2.5 stan-
dard deviations below the mean for healthy
young women at the age of attainment of peak
bone mass (expressed as a T-score), in general
using a reference population matched for age, sex
and race (expressed as a Z-score).[40] Loss of BMD
contributes to loss of mechanical strength and
to bone fragility, and thus to predisposition for
bone fractures, which may occur even under low
loading conditions, as reviewed elsewhere.[40-43]

This condition is a considerable worldwide con-
cern and a cause of high healthcare costs.[44]

Although some risk factors for osteoporosis,
like genetics (sex, age, body size and ethnicity),
cannot be modified, it is possible to change vari-
ables like lifestyle and physical activity to stimu-
late greater accumulation of peak bone mass.[45]

Sports participation during childhood and adoles-
cence,[46-50] especially before the pubertal growth
spurt,[51-58] promotes bone mass accumulation,
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i.e. gain in total bone mineral content (BMC),
and geometrical changes in bone size and shape
leading to a higher bone mass and stronger bones
in adult life.[40,56,59,60] In fact, epidemiological
studies indicate that bone size is related to frac-
ture risk when examined in relation to body size
in children,[61] and participation in sports prior to
puberty promotes bone hypertrophy, i.e. physi-
cally active pre-pubertal children appear to de-
velop bone of greater size than their sedentary
peers, although this effect is confined to the
loaded regions.[59,62]

Although well documented reviews have been
published in postmenopausal women,[3,40,42,63]

less is known about the effects that exercise pro-
grammes and sports participation may have on
bone mass in young adult women at pre-
menopausal age.[64] Thus, this article focuses on
the influence of physical activity on BMC and
BMD in premenopausal and postmenopausal
women and in men. In addition, we review rele-
vant studies in animals and humans, highlighting
variables like mode of exercise, intensity, du-
ration, endocrine and metabolic factors, and sex
differences in the osteogenic response to training.

A MEDLINE database search was conducted
(from 1969 to June 2008, with a special focus on
the latest publications), using the following sys-
tematic search terms: ‘bone’, ‘bone mineral den-
sity (BMD)’, ‘bone mineral content (BMC)’,
‘dual x-ray absorptiometry (DXA)’, ‘bone mass
accrual’, combined with ‘exercise’, ‘sports parti-
cipation’, ‘adults’. The abstract of studies result-
ing from this search were examined according to
the following criteria:

Inclusion criteria:
� sports participation and bone mass measure-

ments in adults;
� effects of training on bone mass in adults;
� effects of vibration on bone mass in adults;
� sex differences in the osteogenic response to

training;
Exclusion criteria:

� prepubertal subjects;
� studies using single photon absorptiometry to

measure bone mass gains/losses.
The following information was extracted from
each study: skeletal regions measured; experi-

mental training protocol; training parameters
including intensity, frequency and duration; and
objective outcomes. This information was tabu-
lated according to the experimental training
protocol used and study design (cross-sectional
or longitudinal studies). Studies that used more
than one type of training protocol were included.
The results of these studies were extracted and
are summarized according to sex, study design
and different life-stages: (i) young women and
men; (ii) premenopausal women and middle-aged
men; and (iii) older women and men.

1. Experiments with Animals

Using animal in vivo models – in which me-
chanical loads have been specifically applied to the
rat tibia,[65] rat tail,[66] rat ulna[67] and avian
bone[37] – it has been shown that the effects of
mechanical loading are dependent upon the mag-
nitude, duration and frequency of the mechanical
stimulus applied.[68] However, exercise not only
consists of generation of mechanical loads, it also
perturbs acid-base balance, stimulates sympathetic
activity and influences production of several hor-
mones, cytokines and adipokynes with known ef-
fects on bone metabolism.[69-73] Thus, information
provided by in vivo mechanical models should be
combined with the information gained with ex-
ercise models, bearing in mind that the response to
exercisemay differ between animal species and that
it is affected by other factors such as age, sex,
nutrition and genetics.

The use of animal models to study bone
adaptation to exercise is based on the fact that
similar mechanisms control bone formation and
resorption in animals and humans.[74] Experiments
with rats have shown that running has osteo-
genic effects on loaded bones of young male[75]

and female[76,77] rats, as well as in ovariecto-
mized[78] and orchidectomized rats,[79] although
the osteogenic effect of exercise appears to be less
efficient in female ovariectomized rats.[78] The
forces generated during running play a role in the
osteogenic response, since the rats that run with a
loaded backpack on top of their back show a
greater gain in bone mass than the rats running
without extra load.[80] In contrast, running

442 Guadalupe-Grau et al.

ª 2009 Adis Data Information BV. All rights reserved. Sports Med 2009; 39 (6)



at 80% of maximal oxygen load (V
�
O2max) re-

duced longitudinal bone growth and induced
bone loss, mainly due to decreased osteoblastic
activity, in 5-week-old male rats[81] (table I).
From these studies, it can be concluded that
treadmill running may be useful to increase bone
mass in young and adult rats of both sexes,
especially in appendicular long bones at weight-
bearing sites; however, the increase in lumbar
bone mass is absent or only detectable when long-
term exercise is applied.[82] However, these stu-
dies should be interpreted cautiously, since rats
do not stop growing throughout their lifespan.
Also, in contrast to what is observed in humans,
longitudinal bone growth in adult rats increases
after ovariectomy, and estrogen replacement
inhibits this growth.[83]

In postpubertal female rats, bone is less re-
sponsive to loading than in ovariectomized rats
or male rats of similar age.[84] Jarvinen et al.[84]

have raised the question about the efficiency of
bone loading during the estrogen-replete period
in women, i.e. between puberty and menopause.
Cross-sectional and observational longitudinal
studies do indeed show a higher responsiveness
to loading in human female bone when regular
exercise starts before puberty than in adult
life.[59,60,85]

2. Studies with Humans

2.1 Cross-Sectional Studies

In this section, recent cross-sectional studies
measuring bone mass and/or BMD in recrea-
tional or professional athletes and sedentary
adult women and men are reviewed, focusing on
the osteogenic response to training as well as sex
differences in the osteogenic response to training
(table II). This issue has been previously reviewed
by others,[22,94-97] and only some representative
studies are commented on in this section.

Inference from animal studies to humans[63]

implies that strength training, instead of en-
durance training programmes such as running,
should result in the greatest increase in skeletal
density. Focusing our attention on the early stage
of life, girls and adolescents who spend more time

training than is proposed by physical activity
curricula (<2 h/wk in most European countries)
achieve better peak bone mass, especially if they
start before the pubertal growth spurt.[57,58]

Cross-sectional studies including sports partici-
pation and dual-energy x-ray absorptiometry
(DXA) measurement at prepubertal ages show
different results depending on the intensity and
rate of the strains elicited. High strain-eliciting
sports like gymnastics, which is thought to gen-
erate ground reaction forces close to ten times
body mass in prepubertal children,[98] report 5.7%
higher mean upper extremities BMD compared
with sedentary subjects in 9-year-old girls.[49]

Weight-bearing physical activities also im-
prove bone mass in prepubertal subjects. In
9-year-old boys, soccer (football) practice
(3 h/wk) has been associated with increased BMD
compared with non-physically active boys at the
lower limbs (› 4%), lumbar spine (› 2%), and
femoral neck (› 5%).[47,51,92] Similarly, premen-
archial girls enrolled in handball practice showed
enhanced BMC and BMD at the lumbar spine,
pelvic region and lower extremities; they also
showed greater BMC in the whole body and en-
hanced BMD in the right upper extremity and
femoral neck than the control subjects.[48]

In these sports, the potential osteogenic forces
acting on the appendicular and axial bones are
elicited by the high ground reaction forces evoked
during jumping, kicking, sprinting, rapidly
changing direction, starting, stopping, throwing,
fall landings and blocks during defensive actions.
Sports like swimming or rowing, without the ac-
tion of gravitational forces, are beneficial for phy-
sical fitness but do not appear to have osteogenic
benefits.[87,99] Swimmers, like astronauts,[100] op-
erate in a low-gravity environment, with minimal
impact on bone structures, and only relatively
low tensions are transmitted by the muscular
system to the bones during this type of exercise.
This could explain why exercising in water early
in life and regularly during the lifespan might
abolish the osteogenic effect of sport.

2.1.1 Young Men

Studies performed in our laboratory have re-
ported that adult (19–27 years old) amateur male
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Table I. Bone adaptation to treadmill training in rats

Study Subjects Frequency Training

intensity

Protocol

time

Other Bone

n M/F age (wk) measurement site (s) results

Barengolts et al.[78]

(1993)

OXE = 20

OXS = 20

F 36 4/wk

40 min/day

21 m/min 3 mo 7% grade treadmill

Ovariectomized rats

DXA femur,

tibia, L4

Prevention of bone

loss

Hagihara et al.[77]

(2005)

ER = 5

ER2 = 5

ER3 = 5

C = 5

F 8 4–7/wk

30 min/day

15 m/min 8 wk QTC-trabecular L2,

tibia, femur
› L2, tibia, femur

ER, vs C

Bourrin et al.[75]

(1995)

ER = 20 M 9 7/wk 60% V
�
O2max

5 wk HPC-tibia › 27% volume

› 8% trabeculae

Bourrin et al.[81]

(1994)

ER = 20 M 5 7/wk 80% V
�
O2max

11 wk HPC-tibia, L2, T2 fl volume

fl trabeculae

Horcajada et al.[79]

(1997)

SHE = 20

CXE = 20

C = 20

M 6 7/wk

15–60 min/day

15–60 m/min

60% V
�
O2max

3 mo Orchidectomized

rats

DXA-femur › femur BMD in

CXE, SHE vs C

Yeh et al.[76]

(1993)

ER = 28

DR = 24

C = 30

F 6 5/wk 20 m/min 6 wk Denervated rats HPC-tibia › cortical bone

area in ER vs DR, C

Van der Wiel et al.[80]

(1995)

ER1 = 10

ER2 = 10

ER3 = 10

C = 14

F 20 5/wk 20 m/min 17 wk ER1: no extra load

30 min

ER2: 5030 g

load 30 min

ER3: 50 g load 15 min

DXA-WB, LL › 16% LL BMD

ER1 vs C

› 15% LL BMD

ER2 vs C

› 15% WB, 20% LL

BMD ER3 vs C

BMD = bone mineral density; C = controls; CXE = castrated exercising rats; DR = sciatic denervated rats; DXA = dual x-ray absorptiometry; ER = exercising rats; HPC = histomorpho-

metric analysis; L2 = second lumbar vertebra; L4 = fourth lumbar vertebra; LL = lower limbs; M/F = male/female; n = number of subjects; OXE = ovariectomized exercising rats;

OXS = ovariectomized sedentary rats; QTC = quantitative CT; SHE = sham-operated exercising rats; T2 = second thoracic vertebra;
.
VO2max = maximal oxygen uptake; WB = whole

body; › indicates significant increase p < 0.05; fl indicates significant decrease p < 0.05.
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Table II. Effects of sports training on bone tissue adaptations in young adult men and women: cross-sectional studies

Study Subjects Sport Bone

measurement

site (s) DXA

results

n M/F age

(y)

sports history;

mean time (y)

training volume

(mean time)

BMD BMC

Young men

Calbet et al.[86]

(2001)

EX = 33

C = 19

M 19–27 EX = 12 7 h/wk Soccer WB, SP, FN,

IT, GT, WT, WL
› 10% SP vs C

› 21% FN vs C

› 19% IT vs C

› 21% GT vs C

› 27% WT vs C

› 10% WL vs C

› 13% WB vs C

› 13% SP vs C

› 24% FN vs C

› 18% IT vs C

› 23% GT vs C

› 24% WT vs C

› 16% WL vs C

Morel et al.[87]

(2001)

REX = 126

RGB = 110

FS = 44

BB = 28

SW = 14

M 25–40 REX = 22

RGB = 15

FS = 18

BB = 16

SW = 11

8.1 h/wk

8.7 h/wk

9.1 h/wk

8.1 h/wk

8.7 h/wk

Running

Rugby

Fighting

Body-building

Swimming

WB, A, WL,

SP, S
› 10% WB RGB vs OS

› 2% WB FS vs OS

› 2% WB BB vs OS

fl 8% WB SW vs OS

› 5% A RGB vs OS

› 4% A FS vs OS

› 9% WL RGB vs OS

› 1% WL FS vs OS

fl 5% WL BB vs OS

Calbet et al.[88]

(1998)

EX = 9

C = 13

M 21–32 EX = 17 25 h/wk Tennis WB, A, SP, FN,

WT, WL
› 15% SP EX vs C

› 10–15% FN EX vs C

› 5% DAP vs NDAP

Wittich et al.[89]

(1998)

EX = 24

C = 22

M 20–24 EX = 8 20 h/wk Soccer WB, WL, PR › 11% WB vs C

› 14% PR vs C

› 14% WL vs C

› 15% WB vs C

› 25% PR vs C

› 20% WL vs C

Young women

Egan et al.[90]

(2006)

REX = 11

RGB = 30

NB = 20

C = 25

F 19–23 REX = 9

RGB = 4

NB = 4

8.4 h/wk

4.1 h/wk

3.7 h/wk

Running

Rugby

Netball

WB, SP, LPF › WB all sports vs C

› 13.5% RGB WB vs C

› 16.5% SP RGB vs C

› 21.7% FN RGB vs C

Nichols et al.[91]

(2007)

HOAEX = 21

HEX = 72

ROAEX = 17

RNEX = 51

F 14–16 HOAEX;

HEX = 6.5

ROAEX;

RNEX = 6.1

8.6 h/wk

8.5 h/wk

Soccer,

volleyball,

softball, tennis,

lacrosse,

running,

swimming

WB, SP, WH,

FN, GT
› 4% HEX WH vs

HOAEX

› 7% HEX GT vs

HOAEX

› 10% HEX LS vs

ROAEX

› 5% HEX LS vs

ROAEX
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soccer players with a long training history (mean
12 years) have increased BMC and BMD at
the lumbar spine (13% and 10% respectively),
femoral neck (24% and 21%) and lower limbs
(16% and 10%) compared with age-, height- and
weight-matched sedentary controls of the same
Caucasian population.[86] Similar results were
reported by Wittich et al.[89] in 20- to 22-year-old
soccer players. These adaptations are likely eli-
cited by the ground reaction forces generated
during jumping and sprinting with sudden chan-
ges in the direction of movement, combined with
the high strains elicited during kicking.[101,102]

With relatively low volumes of exercise (2–3
hours) per week it is possible to elicit increases in
BMC and BMD in the loaded bones of prepuber-
tal tennis players (Sanchis et al., unpublished
observations). The magnitude of the local adap-
tation elicited by tennis participation is further
enhanced for training volumes above 7 h/wk
(Sanchis et al., unpublished observations). A di-
rect comparison of prepubertal soccer players[51]

or tennis players with professional adult play-
ers[86,88] indicates that part of the bone mass
gained through sports participation is achieved
before puberty. In contrast, compared with
sedentary peers, a 20% lower lumbar spine BMC
has been reported in 19- to 56-year-old long-
distance runners performing a training volume
close to 100 km/week.[103]

Morel et al.[87] examined the influence of
regular exercise (mean 9h/wk) on BMD in 403
non-professional male subjects aged 30 years in-
volved in different sports. This is an ideal age to
compare BMD measurements because peak bone
mass has been already reached and bone loss is still
insignificant. Soccer, basketball, volleyball, gym-
nastics, weight-lifting and ice hockey were asso-
ciated with a higher whole body BMD (WBBMD)
whereas rowers and especially swimmers had a
WBBMD similar to that of a sedentary group.
Regional BMD comparison suggested that there
may be site-specific responses due to the specific
types of mechanical loading exerted through phy-
sical activity, because sportsmen involved in
impact-loading sports (i.e. fighting sports) had a
higher leg BMD than those in active loading sports
(i.e. body-building) [see table II].T
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In the upper limbs the positive effect of me-
chanical loading via musculotendinous attach-
ments is demonstrated in racquet sports such as
tennis[88,104] and squash.[105] The asymmetrical
nature of racket sports offers an interesting model
to study the adaptability of both the skeletal and
soft tissue of the upper limbs to physical stress,
using the non-dominant arm as a control. Based
on a side-to-side comparison, these studies en-
abled elimination of the confounding effects of
genetic, hormonal and nutritional factors that are
encountered in cross-sectional studies.[104] Elite
young tennis players (mean age 26 years), with a
high training load of 25 h/wk, show enhanced
BMC (20%) and BMD (6%) in the dominant
arm compared with the contralateral arm. These
tennis players also had increased (10–15%)
femoral neck and lumbar spine BMD compared
with controls.[88] Similar effects have been
described in the mid- and third-distal radius in
young adult male and female recreational tennis
players.[106]

2.1.2 Young Women

Second division female soccer players (aged
18–24 years) show bone adaptations similar to
those reported in males,[92] with 11%, 15% and
20% higher BMD at lumbar spine, femoral neck
and Ward’s triangle, and 8–13% higher BMD
at the non-dominant femur and humerus, distal
femur and proximal tibia compared with
non-physically active women (table II).

Egan et al.[90] compared BMD and body
composition among young female athletes (rugby
players, distance runners and netball players)
with a mean age of 21 years versus sedentary
control subjects. All sports groups had higher
BMD values than the controls, but rugby players
had the greatest BMD values at the lumbar
spine (› 16.5%), femoral neck (› 21.7%) and hip
(› 13.5%). Moreover, significant correlations were
observed between BMD and fat-free soft tissue
mass, BMD and body mass, and BMD and
training volume.

Menstrual status has a major influence in the
osteogenic response to exercise.[96] Cross-sectional
data indicate that female oligo-/amenorrhoeic
high school athletes (mean age 16 years) practicing

impact sports may not be accruing the same bone
mass as their eumenorrhoeic counterparts.[91]

In summary, when normal menstrual status is
reported in women, both sexes seem to benefit
equally from sport participation (table II): the
mean gains for total body BMD are about 10%,
reaching 15–20% in the sport-specific loaded
sites. According to the training load and inten-
sity, athletes who train more (20 h/wk approxi-
mately) achieve greater bone mass gains.
However, recreational athletes also benefit from
a 5- to 6-h/wk training volume. If not accom-
panied by menstrual disturbances, high training
volumes do not seem to negatively affect the
osteogenic adaptive response to loading. Most
studies report that the osteogenic response to
exercise is specific to the loaded bones, and sports
with higher impact and ground reaction forces
elicit superior osteogenic responses. These effects
are more marked in athletes who began their
sport participation close to the pubertal growth
spurt.[107-109]

Cross-sectional investigations are suggestive
of a relationship between training and bone
metabolism; however, these studies compared
independent samples and therefore were not able
to establish a causal relationship between the
variables of interest. In fact part of the effects
described in the participants of different sports
may have been caused by selection bias. Girls or
boys with a larger musculoskeletal size and bone
mass,[110] due to inherited characteristics, may
choose to exercise because they may be more
likely to be successful in competition and feel
more rewarded by exercise practice. To rule
out such a possibility, longitudinal studies and
randomized clinical control trials are necessary.

2.2 Longitudinal Studies

Although evidence is accumulating suggesting
that childhood is the best period of life to obtain
osteogenic benefits from physical activity, mod-
ern children (especially girls) have become in-
creasingly sedentary.[111,112] In addition, girls
experience the pubertal growth spurt 1–2 years
before boys do,[113] meaning that they should
start regular activity even sooner than boys to
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achieve the full osteogenic benefit from physical
activity.

The strength of longitudinal studies is that
randomized study designs reduce self-selection in
group assignment, which is particularly important
in exercise trials where individuals may be more
or less predisposed to participate in physical ac-
tivity. The majority of these studies have been
performed in women. There are few longitudinal
studies testing the response of men and women to
the same training programme. A review of recent
longitudinal studies performed with young adult
men and women is depicted in table III.

2.2.1 Young Women

Peak bone mass is thought to be attained by
the end of the third decade of life, therefore the
early adult years may be the final opportunity for
its augmentation.[127] As summarized previously
in this review, athletes involved in high impact
sports have higher bone mass than other athletes;
consequently, longitudinal exercise programmes
including exercises eliciting high impacts and
forces on bones should evoke greater accumulation
of bone mass and enhancement of BMD. How-
ever, the findings of studies performed in young
adults have not consistently produced these
findings. Standard resistance-training protocols
enhance muscle mass,[128-131] and in several
cases bone mass,[114,132] in young women.
Friedlander et al.[114] reported significant in-
creases after a 2-year programme of aerobics and
weight-training in lumbar spine, intertro-
chanteric and calcaneal BMD. The addition of
daily calcium supplementation did not add
significant benefit to the intervention.[114] Also,
Snow-Harter et al.[133] noted significant increases
in lumbar BMD in young women completing ei-
ther a progressive aerobic training programme
(jogging) or a progressive resistance training
programme, when compared with a control group.
The resistance training group showed significant
strength increases compared with the aerobic-
trained women; however, the increases in BMD
were not significantly different between the two
exercise groups. This result is consistent with the
site-specific principles of mechanical loading, as
both groups of women performed weight-bearing

exercise, stressing the lower body and lumbar
spine. Differences might not necessarily be ex-
pected between exercise groups in these studies
due to the short duration of the protocol and the
physiological limits of bone formation and re-
modelling. These conventional strength-training
techniques involve both a concentric and an ec-
centric component. However, maximal skeletal
muscle eccentric contractions develop greater
tension than maximal concentric or isometric
contractions,[134] and the magnitude of the load
associated with maximal eccentric contraction is
responsible for significant increases in bone mass
in young women.[116] Schroeder et al.[115] further
investigated this topic by testing the hypothesis
that young women participating in high-inten-
sity eccentric resistance training would have sig-
nificantly greater increases in lean body mass
and muscle strength and improved bone adapta-
tions compared with low-intensity eccentric
resistance training. These authors reported that
low-intensity eccentric training (ET; 75% of
concentric 1 repetition maximum [RM]) was as
effective as high-intensity training (125% of a
concentric 1 RM) and, surprisingly, there were
no significant alterations in bone mass in the
high-intensity group.[115] This finding is at odds
with a previous study from this group reporting
3.9% greater BMD in the mid-femur after a si-
milar ET protocol.[116] ET both at low and high
intensities has been associated with elevated
concentrations of osteocalcin in conjunction with
decreased crosslinks, which suggests osteogenesis
combined with reduced bone resorption.[115]

Nickols-Richardson et al.[117] studied the effects
of unilateral leg and arm high-intensity strength
training lasting 5 months in young women. One
group underwent ET and other group underwent
concentric training (CT), with non-trained limbs
serving as controls. The two kinds of exercise
were similarly effective for improving muscular
strength and bone mass, and density with gains in
WBBMC (0.4% CT vs 0.6% ET), proximal femur
BMD (0.5% CT vs 1.2% ET), total forearm BMD
(0.6% CT vs 0.4% ET) and total forearm BMC
(0.4% CT vs 0.5% ET).

High impact training has also been demonstrated
to yield positive results in young women.[118,119]
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Table III. Effects of training protocols on bone tissue adaptations in young and middle-aged women: longitudinal studies

Study Subjects Training Frequency Exercises Protocol

time

(mo)

Training

intensity

Other Bone

measurement

site (s)

Results

n M/F age

(y)

Young women

Friedlander et al.[114]

(1995)

EX = 63 F 20–35 24 1500 mg

Ca/S

Schroeder et al.[115]

(2004)

HRT = 14

LRT = 14C = 9

F 22–26 ERT 2/wk,

3 sets · 10 rep

Seated chest

press,

lat pulldown,

biceps curl,

triceps

extension,

single-leg

extension,

double

leg curl

4 HRT:

125%
1 RM

LRT: 75%
1 RM

WB, SP, F › 1.7%
SPBMD in

LRT

Hawkins et al.[116]

(1999)

EX = 8

C = 8

F 19–23 CO-E RT 3/wk

CO: 3 sets · 4 rep

E: 3 sets · 3 rep

Isokinetic knee

flexion and

extension

4.5 E: 1 RM

CO: 1 RM

WB, SP, F › 3.9%
FBMD in

ERT

› FBMD

ERT vs C

Nickols-Richardson et al.[117]

(2007)

EEX = 37

COEX = 33

F 18–26 UET

UCT

3/wk

1–3 sets · 6 rep

30

rep//limb/session

Isokinetic arm

and leg

resistance

training

5 MVE WB, TPF,

DT, TF
› 1.2%
WB, 5%
TFBMC in

EEX

› 1.1%
TPF, 0.5%
TFBMD in

EEX

› 0.9%
WB, 4%
TFBMC in

COEX

› 0.6% TF,

0.5%
TPFBMC in

COEX
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Table III. Contd

Study Subjects Training Frequency Exercises Protocol

time

(mo)

Training

intensity

Other Bone

measurement

site (s)

Results

n M/F age

(y)

Kato et al.[118] (2006) EX = 18

C = 18

F 20–22 HIT 3/wk

1 set · 10 rep

Counter-

movement

jumps

6 MVE 300 mg

Ca/S in

EX, C

SP, FN,

GT, WT
› 2.6%
FN, 2.4%
SPBMD in

EX

Bassey et al.[119] (1994) EX = 14

C = 13

F 27–34 HIT 3/wk Jumping,

skipping

12 MVE R, SP, FN,

GT, WT
› 4.1%
GTBMD in

EX

Sinaki et al.[120] (1996) EX = 60

C = 60

F 30–40 RT 3/wk

3 sets ·
10 rep

Back extension

and shoulder

girdle weight-

lifting exercises

36 50–100%
10 RM

Physically

active

women

WB, SP,

WH, R

NC

Chilibeck et al.[121] (1996) EX = 20

C = 10

F 19–21 RT + ET 2/wk Arm curl,

bench press,

leg press

4.5 WB, SP, L, A,

FN, WT, GT,

IT

NC

Nindl et al.[122] (2000) EX = 26

C = 5

F 24–32 RT 5/wk

4–6 set ·
10–12 rep

Squat, bench

press, sit up, leg

curl, row with

elbows low

+ aerobics

6 WB, L, A, Tr NC

Premenopausal women

Lohman et al.[123] (1995) EX = 22

C = 34

F 28–39 RT 3/wk

3 sets ·
8–12 rep

Bicep curl,

bench press,

supine flys,

lat pulldown,

leg curl, leg

extension, leg

press, military

press, low rows,

right wrist curl

18 75–80%
1 RM

500 mg

Ca/S in

RT, C

WB, SP, FN,

A, L
› SPBMD

in EX

› FNBMD

in EX
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Table III. Contd

Study Subjects Training Frequency Exercises Protocol

time

(mo)

Training

intensity

Other Bone

measurement

site (s)

Results

n M/F age

(y)

Vainionpää et al.[124]

(2005)

EX = 39

C = 41

F 35–40 HIT 3/wk Step patterns,

stamping,

jumping,

running, walking

12 MVE SP, F, FN,

IT, DF.
› 1.1

FNBMD EX

vs C

› 0.8

ITBMD EX

vs C

› 0.1

FBMD EX

vs C

› 2.2

L1BMD EX

vs C

Winters-Stone and Snow[125]

(2006)

LEX = 19

ULEX = 16

C = 24

F 34–44 RT + HIT 3/wk

3–9 sets x

8–12 rep

LEX: jumps,

squat, lunges,

calf raises

ULEX:

LEX + upright

row, one-arm

row, lat dorsi pull

down, chest

press, chest fly,

biceps curl,

triceps

extension

12 › 0–13%
BW

WB, SP, FN,

GT
› 2.6%
GTBMD

ULEX vs C

› 2.2%
GTBMD

LEX vs C

› 1.3%
SPBMD

ULEX vs C

Heinonen et al.[126]

(1996)

EX = 49

C = 49

F 35–45 HIT 3/wk Jumping,

callisthenics

18 2–6 times

BW

SP, FN, GT,

TDF, R
› 1.6%
FNBMD in

EX

1RM = 1 repetition maximum; A = arms; BMD = bone mineral density; C = control subjects; Ca/S = supplemental calcium; CO-E RT = concentric-eccentric resistance training;

COEX = concentric exercising subjects; DF = distal forearm; DT = distal tibia; EEX = eccentric exercising subjects; ERT = eccentric resistance training; ET = endurance training;

EX = exercising subjects; FD = femur diaphysis; FN = femoral neck; GT = greater trochanter; HIT = high-impact training; HRT = high-intensity eccentric resistance training subjects;

IT = intertrochanteric subregion; L = whole leg; L1 = first lumbar vertebra; lat = latissimus; LEX = lower body exercising subjects; LRT = low-intensity eccentric resistance training;

M//F = male/female; MVE = maximal voluntary effort; n = number of subjects; NC = no changes; R = radius; rep = repetition; Tr = trunk; RT = resistance training; SP = lumbar spine;

TDF = total distal femur; TF = total forearm; TPF = total proximal femur; UCT = unilateral concentric training; UET = unilateral eccentric training; ULEX = upper + lower body exercising

subjects; WB = whole body; WH = whole hip; WT = Ward’s triangle; %BW = percentage of bodyweight; › indicates significant increase p < 0.05; fl indicates significant decrease

p < 0.05.
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Recently, Kato and co-workers[118,119] tested the
effect of a 6-month low repetition jump training
programme (10 maximum vertical jumps/day,
three times/week) on lumbar and hip BMD in
young women (age 21 years). Despite the low num-
ber of jumps compared with other studies, based
on jumping exercises in which subjects performed
ten times more jumps per week,[119] BMD in-
creased significantly in both regions, whereas
no changes were observed in the control group.
Although more studies are needed, these results
suggest that the bones of young women respond to
low repetition as well as high repetition jump
training.

On the other hand, resistance training has
been reported to have either no effect or a nega-
tive impact on bone in a few studies in young
women.[120-122] Sinaki et al.[120] found no sig-
nificant effect of a 3-year non-strenuous, weight-
lifting exercise programme on BMD at lumbar
spine, whole hip or mid-radius in active but not
athletic premenopausal women 30–40 years of
age. A particularity of this study is that only two
different exercises were used: back extension and
shoulder girdle weight-lifting exercises (as de-
fined by the authors). The back extension exercise
session consisted of three sets of 10 RM per-
formed once a day for 3 days per week (one super-
vised session each week at the medical centre)
with back extension. The shoulder exercise pro-
gramme was adjusted every 3 months following
the sequence 50% of 10 RM for the first month,
75% of 10 RM for the second month, and 100%
of 10 RM for the third month, which was prior to
the next visit and re-evaluation.[120]

Chilibeck et al.[121] reported in 20-year-old
women that after a 20-week weight-lifting train-
ing period, which increased muscle strength
(23–73%) and lean tissue mass (3–10%) in the
trunk and the extremities, BMC and BMD failed
to increase in whole body, arm, leg, ribs, thoracic
and lumbar spine, and pelvis segments. Similarly,
hip BMC and BMD at femoral neck, trochanter,
intertrochanter and Ward’s triangle sites and
total hip did not increase with training.[121] In
28-year-old women, no changes in whole body
or regional bone mass and density were observed
following a 24-week training programme com-

bining weight-lifting with endurance exercise
(1.5 h/day for 5 days/wk), despite a 2.2% increase
in whole body lean mass and a 5.5% increase in
leg lean mass.[122]

To this point, the studies reviewed indicate
that strength training needs to involve high-
intensity exercises to enhance bone mass in young
women. The osteogenic effect may be attenuated
if endurance exercise is carried out in combina-
tion with strength training, and enhanced if the
strength training programme is combined with
high impact exercises, like jumping.

Bone formation in weight-bearing regions of the
skeleton can be stimulated by low-magnitude high-
frequency strains, induced through vibration.[38,39]

In young women aged 15–20 years with low BMD,
low level whole body vibration (30Hz; 0.3 g) ap-
plied daily (between 2 and 10 minutes) for 1 year
increased cancellous bone in the lumbar vertebrae
(2.1%) and cortical bone in the femoral midshaft
(3.4%), respectively, measured by quantitative
computer tomography (QCT), compared with
controls. It is noteworthy that, in this study, these
gains were not detected with DXA.[135]

2.2.2 Young Men

Randomized longitudinal studies on sedentary
young men are scarce. A 4-month strength train-
ing programme (three times per week, at 60–80%
of 1 RM) in Oriental men (aged 23–31 years) did
not elicit changes in whole body or loaded bones
BMC and BMD. However, serum osteocalcin
and bone-specific alkaline phosphatase con-
centrations were increased 1 month after the
start of the training, suggesting that bone mar-
kers are more efficient to detect changes in the
bone remodelling than DXA.[136] Hartman
et al.[137] did not find significant changes in
WBBMC after 12 weeks of strength training
(five times per week) in subjects who consumed
fat-free milk, soy or carbohydrates after the
training sessions despite substantial increases in
lean body mass and strength. However, a re-
gional analysis of BMD was not reported in that
study. With 6 months of training (strength +
aerobics) combined with either protein or carbo-
hydrate supplementation, positive effects on
BMC, BMD and geometrical variables of the
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tibia measured by peripheral QCT have been
reported in both young men and young
women.[138] In this study, all groups experienced
significant increases in tibia cortical thickness
and area, and decreased their endosteal cir-
cumference over the intervention period. Cortical
thickness among females was greater if they
were receiving supplemental protein, whereas
among men the change was the greatest if
they were receiving carbohydrate supplementa-
tion. No changes were observed on whole body
measurements in any group. These results sug-
gest that there may be sex-specific differences
in the bone response to exercise when supple-
menting with protein. However, due to the ab-
sence of a non-exercising control group it is not
clear if exercise was the responsible factor for
the changes. This study contrasts with that of
Ryan et al.,[139] who found no sex differences in
the training response between men and women
for any of the whole body, femoral neck and
lumbar spine BMD measurements after a
6-month resistance training programme. The
latter study is also affected by the lack of age- and
sex-matched control groups.

We have not found long-duration (more than
6 months) randomized longitudinal studies on
the effects of strength training on bone mass in
sedentary young men.

2.2.3 Premenopausal Women

A long-term (18-month) randomized, con-
trolled, prospective study with high-intensity
resistance training in adult women indicated that
regional BMD at the femoral neck and trochan-
teric sites can be increased by resistance training
exercise.[123] However, WBBMD did not change
significantly over the 18 months of this trial,
which could indicate that increases in strength
and lean tissue may be greater than increases
in BMD in premenopausal women and that
in young women there may be a site-specific re-
distribution of BMD rather than a total body
increase in BMC.[123] This hypothesis is sup-
ported in other studies, which evaluated regional
body composition changes in women after peri-
odized physical training.[122,129-131,140] Similarly,
Vainionpää et al.[124] noted significant BMD in-

creases in femoral and lumbar sites in pre-
menopausal women after a progressive 12-month
high impact training (jumping) programme; WB
was not measured in this study but calcaneal
broadband ultrasound attenuation also showed a
significant increase in the exercise group com-
pared with the control group,[124] suggesting en-
hanced bone quality. Winters-Stone and Snow[125]

also support the site-specific response of lumbar
spine and hip BMD to upper and lower body re-
sistance exercise training, found in two groups of
nonactive premenopausal women (aged 33–44
years). They performed a high impact training
programme (lower limbs group) or high impact
and resistance training in the upper limbs (up-
per + lower group) for 12 months, which resulted
in an increased greater trochanter BMD in both
groups and lumbar spine BMD only in the
upper + lower group.

An 18-month high impact training programme
(jumps+ calisthenics) without concurrent strength
training has been reported to increase femoral neck
BMD by 1.6% in women aged 35–45 years.[126]

In combination, these results indicate that
targeted training could be effective in women
with low bone mass in an isolated bone site – a
potentially inexpensive and safe way to prevent
and/or treat osteoporosis later in life. In a mixed
population (21 men and 35 women aged 19–38
years), whole-body vibration – administered dur-
ing 8 months (4min/day, three to five times per
week) at 25–45Hz, corresponding to estimated
maximum vertical accelerations of 2–8 g – had no
effect on mass, structure or estimated strength of
bone at any skeletal site.[141] Serum markers of
bone turnover did not change during the vibration
intervention.[141] These findings contrast with those
of Beck et al.,[142] who reported a 2% increase in
BMD in the proximal femur of five premenopausal
women (age 18–45 years) submitted to whole-body
vibration (30Hz; 2· 10min/day; 0.2 g stimulus) for
12 months. This study, however, must be inter-
preted cautiously because it lacked a control group
and one of the women was on treatment with bi-
phosphonates.[142] Thus, it remains to be de-
termined whether whole-body vibration alone
or in combination with strength training could
be an efficient stimulus to enhance BMD in
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premenopausal women with either normal or re-
duced BMD at the start of the programme.

2.2.4 Middle-Aged Men

The effects of exercise on bone mass and
structure in middle-aged men are controversial.
Strength training (three times per week at 5–15
RM) in men aged 54–61 years for 4 months re-
sulted in a 2.0% gain in lumbar spine and 3.8%
gain in femoral neck BMD after this period.[143]

On the other hand, regular aerobic (40–60%
V
�
O2max) exercise in men (age 53–62 years) for a

long time (48 months) does not appear to have
beneficial effects on the age-related loss of fe-
moral BMD, suggesting that starting regular
aerobic exercise in middle age to prevent osteo-
porosis in men may not be efficacious.[144] How-
ever, when aerobic exercise was combined with
strength training for 6 months, WBBMD was
maintained.[145]

A unique study that involved both sexes in the
same exercise programme showed that 6months of
moderate strength training (50% 1 RM) and
moderate aerobic training (60–90% maximal heart
rate) maintained WBBMD in males but decreased
WBBMD in females.[145] Both males and females
experienced exercise-induced bodyweight and fat
losses, suggesting that although lean mass was in-
creased after the training period (3%), the negative
effect of losing weight on BMD was stronger,
although the age range of the participants was too
great (55–75 years).[145] Nevertheless, a lack of ran-
domized controlled trials testing any kind of
training and bone measurements in middle-aged
men precludes any definitive conclusion on the
effects of exercise on bone mass in this segment of
the population.[146]

2.3 Aging

Some authors support the hypothesis that the
magnitude of the peak skeletal mass in the first
three decades of life probably accounts for the
variability in bone mass in elderly persons,[147]

but it is currently impossible to prove or disprove
this theory because there are no studies with
randomized controlled trials from puberty to old
age that have investigated bone fractures as an

endpoint. These studies would require extremely
large cohorts and a >50-year study duration be-
fore the research question could be answered.
Furthermore, traits independent of BMD, such
as skeletal architecture, bone size, balance, mus-
cle strength and neuromuscular propioception,
may also be affected by exercise, all of which
could influence the fracture risk, and are not
reviewed in this article.[148,149]

The Leisure World Study reported that wo-
men with an activity level >1 hour a day had a
reduced risk of hip fracture, but the beneficial
effect was lost if the activity level was reduced.[150]

In the Study of Osteoporotic Fracture, a longi-
tudinal study including 9704 women >65 years of
age and followed for about 8 years, women in
the highest quintile of current activity level had a
42% lower hip fracture risk than the least active
quintile of women, and self-reported walking
time was associated with a 30% reduction in hip
fracture risk during a 4.1-year follow-up.[43]

Studies evaluating the question of whether
bone mass is maintained after a reduction or
cessation of exercise show contrasting results, ir-
respective of the level of BMD found in retired
athletes. To evaluate the hypothesis that exercise
during growth reduces the clinical problem of
fragility fractures, it would be needed to demon-
strate that retired athletes have fewer fractures
than controls. Wyshak et al.[151] compared a large
cohort (n = 10 796) of former female college
athletes with sedentary controls aged 21–80
years. The number of former athletes with frac-
tures after retirement was no different than
among the controls. Among women aged ‡60
years, who were fracture-free up to the age of 40
years, the rate of any fracture at age ‡40 years
was 29% for former athletes compared with 32%
for non-athletes, a nonsignificant difference.
Nordström et al.[41] measured BMD in two co-
horts; the first comprised 65 young male ice
hockey players, 73 young soccer players (two
high-impact sports) and 61 age-matched con-
trols. Measures were taken again after 5 years; at
that time, 55 athletes had retired from their active
sports career. The second cohort comprised
400 former soccer and ice hockey players and
800 age- and sex-matched controls. At baseline,
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all active groups had higher BMD values at whole
body, femoral neck, lumbar spine and arms
compared with controls; after 5 years the young
retired athletes still had a 4–8% higher BMD than
controls, whereas young athletes increased the
difference in BMD compared with the controls at
femoral neck and arms. These results suggest that
higher BMD persists until several decades after
retirement. Furthermore, retired athletes had
fewer fractures than controls. Therefore, it seems
that exercise during childhood and adolescence
may be associated with lower risk of sustaining
fragility fractures during old age in men,[94] but in
women these beneficial results only persist if
exercise practice is maintained.

The effects of exercise protocols on bone den-
sity have also been reported in older populations;
a review of recent longitudinal studies is pro-
vided in tables IV and V for women and men,
respectively.

2.4 Postmenopausal Women

Nelson et al.[152] completed a 1-year random-
ized, controlled trial of high-intensity resistance
training in postmenopausal women. The results
of the study demonstrated that women in a 2 days/
week resistance training programme gained
an average of 1% in BMD of the femoral neck
and lumbar spine whereas the control group lost
2.5% and 1.8% at these sites, respectively. In ad-
dition, the resistance-trained women tended to
maintain WBBMC of the skeleton whereas the
women in the control group had a 1.2% decline in
WBBMC. Also, the resistance-trained women
had 35–76% increase in strength, 14% improve-
ment in dynamic balance, and a 1.2 kg increase in
total body lean mass and a 27% increase in phy-
sical activity unrelated to the intervention,
whereas the control group showed declines in all
of these parameters. In agreement with these re-
sults, Kerr et al.[153] reported that postmeno-
pausal bone mass can be significantly increased
by a strength regimen that uses high loads and a
low number of repetitions (3 · 8 RM) but not
by an endurance regimen that uses low loads
and a high number of repetitions (3 · 20 RM). In
1–7 years, postmenopausal women, following

9 months of strength training with intermediate
loads (2 · 10–15 RM), lumbar spine BMD was
enhanced by 1.6%. In this study, each subject
performed one set of 10–12 RM (increasing pro-
gressively) for upper body training and one set of
10–15 RM for lower body training. In contrast,
the women from the control group experienced
a 3.6% decline in lumbar spine BMD.[159] Alto-
gether, these studies show that the peak load is
more important than the number of loading cy-
cles in increasing bone mass in postmenopausal
women.

In late postmenopausal women (aged 60–72
years), 9 months of endurance training (mostly
running at 60–70% of V

�
O2max, three to four times

a week, for 35–50min/session) either alone or in
combination with hormone replacement therapy
(HRT) resulted in significant increases in lumbar
spine and femoral neck.[154] Exercise and HRT
resulted in independent and additive effects
on the BMD of the lumbar spine and Ward’s
triangle, and a synergistic effect on whole body
BMD. These effects were accompanied by a re-
duction in serum osteocalcin levels, indicating
that increases in BMD in response to HRT and
to exercise +HRT were due to decreased bone
turnover.[154] The lack of change in serum osteo-
calcin and IGF-I in response to exercise alone
suggests that the increases in BMD were due to
decreased bone resorption and not to increased
formation.[154]

Other studies have reported just the main-
tenance of BMD in postmenopausal women with
resistance training.[155,162] There is evidence that
postmenopausal women respond differently to a
resistance training programme than do premeno-
pausal women.[163,164] Bassey et al.[163] studied the
effects of a vertical jumping exercise regimen on
BMD using randomized controlled trials in both
pre- and postmenopausal women, the latter
stratified for HRT. The exercise consisted of 50
vertical jumps on 6 days/week of mean height
8.5 cm, which produced mean ground reactions
of 3.0 times bodyweight in the young women
and 4.0 times in the older women. In the pre-
menopausal women, the exercise resulted in a
significant increase of 2.8% in femoral BMD after
5 months. In the postmenopausal women, there
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Table IV. Effects of training protocols on bone tissue adaptations in young men, middle-aged men and age-specific sex comparisons: longitudinal studies

Study Subjects Training Frequency Exercises Protocol

time

(mo)

Training

intensity

Other Bone

measurement

site (s)

Results

n M/F age (y)

Young men

Hartman et al.[137]

(2007)

EXM = 18

EXS = 19

C = 19

M 18–30 RT 5/wk

2–4

sets · 4–12

rep

Military press, bench

press, seated chest fly,

seated triceps

extension, seated

lateral pull down,

seated wide grip row,

seated reverse fly,

seated biceps curl,

abdominals, inclined

leg press, 2-leg knee

extension, 2-leg

hamstring curl, seated

calf raise

3 80%
1 RM

500 mL

M/S in

EXM;

500 mL

S/S in

EXS;

500 mL

C/S in

C

WB NC

Ballard et al.[138]

(2006)

YMEX = 13

YWEX = 12

CM = 12

CW = 11

M/F 20–22 RT + ET 5/wk

3 sets · 12-

failure rep

Bench press, inclined

bench press, shoulder

press, lat pulldown;

cable rows, arm curl

and extensions, hip

sled, squats, calf

raises + aerobics

6 70%
1 RM;

70%
V
�
O2max

EX:

42 g

P/S
C: 70 g

C/S

T, WB, A, L › T vBMD

in YMEX

and YWEX

› ABMC in

YMEX and

YWEX

Ryan et al.[139]

(2004)

YWEX = 8

OWEX = 11

YMEX = 13

OMEX = 10

M/F Y = 20–29

O = 65–74

RT 3/wk 2 sets,

failure

Leg press, chest press,

leg curl, lat pulldown;

leg extension, military

press, seated row,

triceps pulldown,

abdominal crunch,

biceps curl, sit ups

6 12–15

RM

WB, SP, FN,

WT, GT
› FNBMD

in ESP

Fujimura et al.[136]

(1997)

EX = 8

C = 7

M 23–31 RT 3/wk

2–3

sets · 10

rep

Leg extension, leg curl,

bench press, sit up,

back extension, arm

curl, wrist curl, half

squat leg lunge, lateral

pull down, back press

4 60–80%
1 RM

WB, FN,

SP, R

NC

Continued next page
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was no significant difference between the exercise
and control groups after 12 months (total n = 123)
nor after 18 months (total n= 38). HRT status did
not affect this outcome, at least up to 12 months.
Sugiyama et al.[164] studied a group of Japanese
female volunteers aged around 50 years divided
into premenopausal women with a regular men-
struation cycle and postmenopausal women with-
in 5 years since menopause. About half of the
subjects in each group chose to be non-exercisers.
The remainder followed a 6-month training pro-
gramme consisting of rope skipping (100
jumps/day, with an interval of 2–3 days). In total,
they completed 10 days per month, 60 days dur-
ing the study period. Among the premenopausal
women, the BMD in the exercise group increased
significantly compared with the controls for total
hip (+1.6%) and femoral neck (2.4%), but chan-
ges at the whole body and lumbar spine levels
were not significant. In contrast, there were no
significant differences at any measurement sites
among the postmenopausal women. Interest-
ingly, in the premenopausal exercise group, the
baseline value of urinary g-carboxyglutamate
(Gla) residues (an indirect measure of osteocalcin
carboxylation) was inversely correlated (r= -0.62)
with the change in whole body BMD. The latter
could indicate that bone gain induced by high
impact exercise could become greater in pro-
portion to the degree of deterioration in bone
material properties.[164]

Therefore, although optimum training strate-
gies are still under discussion, it is generally
acknowledged that the training should be popu-
lation specific. Stengel et al.[155] tested the hypo-
thesis that power training was more effective
than conventional strength training for main-
taining BMD at lumbar spine and hip. Forty-two
postmenopausal women performed a 12-month
training programme; the only difference bet-
ween the two groups was the velocity at which
movements were performed. The training pro-
tocol specified a 4-second concentric, 4-second
eccentric sequence in the resistance training
group, and a concentric fast/explosive 4-second
eccentric sequence in the power training group.
In addition, all women performed gymnastics
and home training sessions. Women involvedT
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Table V. Effects of training protocols on bone tissue adaptations in older women, men and age-specific sex comparisons: longitudinal studies

Study Subjects Training Frequency Exercises Protocol

time

(mo)

Training

intensity

Other Bone

measurement

site (s)

Results

n M/F age

(y)

Older women

Nelson et al.[152]

(1994)

EX = 20

C = 19

F 50–70 RT 2/wk

3 set · 8 rep

5 weight-lifting exercises 12 80%
1 RM

WB, SP, FN › 1% SPBMD in EX

› 1% FNBMD in EX

fl 1.8% SPBMD in C

fl 2.5% FNBMD in C

Kerr et al.[153]

(1996)

REX

EEX

C

RT

ET

12

Kohrt et al.[154]

(1995)

REX

C

F RT 3/wk Weight-bearing exercises 12 HRTh

Stengel et al.[155]

(2005)

PEX = 21

REX = 21

F 54–60 PT

RT

4/wk 2 weight-lifting sessions

1 gymnastics session

1 home training session

12 70–90%
1 RM

1.500 mg

Ca/S, 500

Vit-D/S

SP, WH,

FN, T, IT

NC FNBMD in PEX

NC SPBMD in PEX

fl 0.9% SPBMD

in REX

fl 1.2% WHBMD

in REX

Chien et al.[156]

(2000)

EX = 22

C = 21

F 48–65 ET + HIT 3/wk

50 min

Treadmill walking + stepping

exercise

6 70–85%
V
�
O2max

Osteopenic

subjects

HRTh

WB, SP, FN › 6.8% FNBMD

in EX

Kohrt et al.[157]

(1997)

GREX

JREX

C

F 60–74 ET

RT + ET

3/wk

GREX:

30–45 min

JREX:

2–3

sets · 8–12

rep

15–20 min

GREX: walking, jogging,

stair climbing

JREX: overhead press,

biceps curl;

triceps extension, leg press,

leg extension, leg flexion,

bench press, squats

11 GREX:

60–85

MHR

JREX:

8–12

RM,

60–85

MHR

WB, SP, FN,

GT, W
› 2.0% WBBMD

in GREX

› 1.6% WBBMD

in JREX

› 1.8% SPBMD

in GREX

› 1.5% SPBMD

in JREX

› 6.1% GTBMD

in GREX

› 5.1% GTBMD

in GREX

Verschueren

et al.[158] (2004)

VEX: 25

EX: 22

C: 23

F 60–70 VEX:

RT + WBV

EX: RT

VEX, EX:

3/wk

1–3

sets · 10–15

rep

VEX and EX:

leg extension,

leg press

6 VEX,

EX:

20–8

RM

WB, F, SP › 0.9% FBMD in

VEX

NC in EX and C

Continued next page
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Table V. Contd

Study Subjects Training Frequency Exercises Protocol

time

(mo)

Training

intensity

Other Bone

measurement

site (s)

Results

n M/F age

(y)

Pruitt et al.[159]

(1992)

EX: 17

C: 10

F 52–56 RT 3/wk

1 set · 10–15

rep

Biceps curl, lat

pulldown, bench press,

wrist roller, leg press,

leg ab/adduction,

leg curl, leg extension, trunk

extension, hip extension,

lateral flexion

9 10–15

RM

SP, FN › 1.6% SPBMD in

EX

fl 3.6% SPBMD in

C

Older men

Maddalozzo

et al.[160] (2000)

MMEX = 12

HMEX = 12

MWEX = 9

HWEX = 9

M/F 50–60 MRT

HRT

MRT: 3/wk

3 sets ·
10–13 rep

HRT: 3/wk

3 sets · 2–10

rep

M: Leg press, leg extension

hamstring curls, arm curl,

triceps press, chest press,

Pec deck, shoulder press,

side lateral raise, lat pulldown,

seated row, abdominal

crunch, calf raise

H: free weight back squat,

deadlift, biceps curls, sit ups,

triceps extension, chest

press, incline shoulder press,

high lat pull down, leg curl,

gripper, calf raise.

6 MRT:

40–60%
1 RM

HRT:

70–90%
1 RM

WH, FN,

GT, SP
› 1.9% SPBMD

HMEX

› 1.3% GTBMD

HMEX

› 2.0% GTBMD

HWEX

Ryan et al.[161]

(1994)

EX = 21

C = 16

M 51–71 RT 3/wk

2 sets · 15

rep

Leg press,

chest press, leg curl,

lat pull down, leg extension,

military press, adductor,

abductor, upper back, triceps,

lower back, abdominals,

biceps curl

4 5 RM Dietary

control

WB, SP, FN › 2.8% FNBMD in

EX

Stewart et al.[145]

(2005)

MRT = 26

WRT = 31

C = 58

M/F 55–75 RT + ET 3/wk

2sets· 10–15

rep

Bench press, shoulder press,

seated mid-rowing, lat

pulldown, leg extension,

leg curl, leg press

6 Hypertensive

subjects

WB, SP, FN,

IT, WH
› 1.7% SPBMD in

MRT

1RM = 1 repetition maximum; Ca/S = supplemental calcium; EEX = endurance training exercising subjects; ET = endurance training; EX = exercising subjects; F = femur; FN = femoral

neck; GREX = ground reaction forces exercising subjects; GT = greater trochanter; H = high-intensity exercises; HIT = high-impact training; HMEX = men high-intensity exercising

subjects; HRT = high-intensity resistance training; HRTh = hormone replacement therapy; HWEX = women high-intensity exercising subjects; IT = intertrochanteric subregion;

JREX = joint reaction forces exercising subjects; lat = latissimus; M = moderate-intensity exercises; M/F = male/female; MHR = maximal heart rate; MMEX = men moderate-intensity

exercising subjects; MRT = moderate resistance training; MWEX = women moderate-intensity exercising subjects; N = number of subjects; NC = no changes; pec = pectoralis;

PEX = power exercising subjects; PT = power training; rep = repetition; REX = resistance training exercising subjects; RT = resistance training; SP = lumbar spine; T = tibia;

VEX = vibratory exercising subjects; Vit-D/S = supplemental vitamin D; V
�

O2max = maximum oxygen consumption; W = wrist; WB = whole body; WBV = whole body vibration;

WH = whole hip; › indicates significant increase p < 0.05; fl indicates significant decrease p < 0.05.
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in the power training groupmaintained their BMD
at lumbar spine and hip, whereas resistance train-
ing women experienced a significant decrease in
lumbar spine and hip sites from baseline. These
results indicate that to elicit a osteogenic response
in older women, the strains and ground reaction
forces required may be higher than those able to
elicit a similar or even greater response in younger
women.

Palombaro[165] reviewed the effects of walking-
only programmes on BMD at various skeletal
sites. This meta-analysis showed that walking
interventions alone did not attenuate bone loss at
the skeletal sites reported. Thus, other forms of
exercise in addition to walking should be incor-
porated into training regimens for patients at risk
for osteoporosis. Supporting this notion, Chien
et al.[156] examined the efficacy of a 24-week
aerobic plus high exercise programme for osteo-
penic postmenopausal women, and this appeared
to be effective in offsetting the age-related decline
of BMD, especially at the femoral neck, which
showed a significant improvement of 6.8% in the
exercise group.

Kohrt et al.[157] applied two different training
protocols to postmenopausal women at risk of
osteoporosis. The first protocol consisted of
exercises that stimulated the skeleton through
ground-reaction forces (walking, jogging, stair
climbing), while the second protocol included
activities eliciting joint-reaction forces (weight-
lifting, rowing). The intensity was initially set at a
low level (60% maximal heart rate, 12 RM) and
progressed with training (to 85% maximal heart
rate, 8 RM). After 11 months, BMD was in-
creased at the whole body level and femoral neck
in both groups, but the effects were greater in
the ground reaction than the joint-reaction
group.[157] These results could be explained by the
combination of walking, jogging and stair
climbing, which may generate ground reaction
forces between 2.8–6 times bodyweight[166] in the
ground reaction group, and the use of free
weights in the resistance training combined with
rowing in the joint reaction group. However,
more randomized, controlled studies testing
aerobic plus high-impact training in older adults
are needed.

Whole body vibration training in post-
menopausal women has been shown to increase
femoral neck BMD and balance more than
walking.[167] Compared with resistance exercises
progressing from low (20 RM) to high (8 RM)
loading conditions, 6 months of static and dy-
namic knee extensor exercises on a vibration
platform (35–40Hz; 2.28–5.09 g) enhanced hip
BMD by 0.9%.[158] In another study, whole body
vibration inhibited bone loss in the spine and
femur of postmenopausal women.[168] These au-
thors performed a 1-year prospective, random-
ized, double-blind, placebo-controlled trial of
70 postmenopausal women who undertook brief
periods (<20 minutes) of a low-level (30Hz; 0.2 g)
vibration applied during quiet standing. The ef-
ficacy of this intervention was enhanced in the
women with significantly greater compliance,
particularly in those subjects with lower body
mass.[168]

The studies in postmenopausal women indi-
cate that BMD can be increased, or at least the
decline in bone mass during the menopause atte-
nuated, following weight training exercises. The
osteogenic effects are site specific and can only be
achieved with high loading intensities (>70% of
1 RM) with 3–4 sessions per week and 2–3 sets
per session.[169] Although significant effects can
be observed after 4–6 months in some locations,
the efficacy of the training programme is greater
when extended for ‡1 year. Combining strength
training with aerobic exercise may also result in
positive effects on BMD. Whole body vibration
alone or in combination with exercise may help
to increase or at least prevent BMD decline
with aging in postmenopausal women. However,
the gains in bone density and neuromuscular
functions achieved by training are lost 5 years
after cessation of training.[170] Continuous high-
intensity weight-loading physical activity is
probably necessary to preserve bone density and
neuromuscular function in older women.

2.5 Older Men

Older men have been much less studied than
older women, possibly because of the lower osteo-
porotic fracture incidence in men.[171] One of

460 Guadalupe-Grau et al.

ª 2009 Adis Data Information BV. All rights reserved. Sports Med 2009; 39 (6)



these studies compared the effects of either a
moderate (three sets of 10–13 repetitions at
40–60% of 1 RM) or high (three sets of 2–10 re-
petitions at 70–90% of 1 RM) intensity resistance
training programme (with exercises involving all
major muscle groups) in men and women aged
50–60 years.[160] Both older men and older
women achieved significant increases in muscular
strength and muscle mass regardless of intensity
or training protocol.[160] The high-intensity
training men experienced a significant increase in
lumbar spine and greater trochanter BMD;
however, women training with high-intensity in-
creased greater trochanter BMD only slightly,
maybe because these women were primarily early
postmenopausal (within 36 months), a time
during which there is accelerated bone loss of
2–6.5% per year. High-intensity free weight
training was tolerated well by older adults and
produced BMD changes in only 6 months. In
older men, high-intensity training was more os-
teogenic at the lumbar spine than moderate-
intensity training. In agreement with Maddalozzo
and Snow[160] Stewart et al.[145] reported no effect
on BMD in men (55–75 years old) following
6 months of multistation machine at 50%
of 1 RM followed by 45 minutes of aerobic
training at 60–90% of their maximal heart rate.
Nevertheless, this training programme resulted
in other positive effects such as gains in lean
mass, reduced fat mass and improved aerobic
capacity.[160]

Bone mass improvement has been observed
in older men (mean age 61 years) after a re-
latively short training period.[161] In this study,
femoral neck BMD was enhanced by 2.8%
following 3 months of high-intensity training
(5 RM; three times per week).[161] These re-
sults could be conflicting, because Frost[172] has
argued that short-term increases in BMD mea-
sured by photon absorptiometry may reflect
transient increases.

In general, 1–3% BMD improvement in load-
ed bones can be achieved in old men with
6 months of strength training using heavy loads
(above 70% of 1 RM, three times per week), while
loads below 60% of 1 RM are unlikely to have a
positive influence on bone mass.[173]

3. Practical Recommendations

Any prescription of exercise aiming to im-
prove bone mass must take into consideration the
following factors:

(i) Age and sex of the subjects. At prepubertal and
young adult ages, sex differences are not so
important, but at middle and older age, evidence
from the literature suggests that women have to
train at higher intensities than men to improve
their bone mass, always keeping a security range
to avoid injuries.
(ii) Choice and order of the exercises. Since bone
adaptation is limited to loaded regions, exercise
must be chosen to specifically act on the clinically
relevant sites, i.e. lumbar and thoracic spine,
whole hip, and especially greater trochanter,
intertrochanteric and femoral neck regions. The
easiest and safest way to load these regions is
by using weight-lifting exercises like: leg press, leg
extension, leg curl, squats, loaded back exten-
sions, and some shoulder and arm exercises.
If not contraindicated, the training programme
should include impact exercises like jumping,
jogging, stair climbing and sprinting. Impact
exercises must be increased progressively to
the maximal effort possible according to the
subject’s specific capabilities. The kind of im-
pact exercise included in the programme must
be appropriate for the age of the participants,
trying to keep the risk of fall as low as possible
in the elderly. It must be taken into considera-
tion that the osteogenic potential of jumping
exercise is reduced in postmenopausal women,
but postmenopausal women may respond well to
strength training.
(iii) Intensity. To enhance bone mass the thresh-
old intensity must be reached. This level has not
been unequivocally established and may vary
from subject to subject, probably being lower for
subjects with already reduced bone mass. Most
strength training programmes showing positive
effects on bone mass have used intensities of
70–90% 1 RM, always following an appropriate
progression from lower to higher intensities.
(iv) Frequency. Most studies with positive results
have used 2–3 training days per week. However,
good responses to jumping exercise sessions with
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frequencies up to 6 days per week have also been
reported. Weight-bearing endurance exercise
(30–60 minutes) can be carried out three to five
times, or even on a daily basis, depending on
training experience and tolerance.
(v) Volume. In weight-lifting programmes, the
major muscle groups of the upper and lower
extremities must be trained in a balanced way,
without creating imbalance between agonist and
antagonist. The number of repetitions per ex-
ercise must be close to maximal that can be
performed with a given load and 2–3 sets should
be completed, with 1–3 minutes’ resting periods
in between. With regard to high impact training,
there is no consensus in the literature on how
many jumps must be performed, but depending
on the subject’s tolerance, 50–100 jumps should
be carried out each training day. Strength
training combined with high impact exercise
could have additive effects in some subjects.
(vi) Movement velocity. Although a progression
from medium to high speed of movement is
advocated at the start of the training programme,
as soon as subjects are able to carry out the
exercise safely, i.e. with proper biomechanical
execution, movements must be performed focus-
ing on achieving the maximal execution speed
possible. Explosive muscle contractions are ex-
pected to elicit a greater osteogenic stimulus.[155]

4. Conclusions

The research completed to date indicates that
participation in high impact sports, especially
prior to puberty, is important for maximizing
bone mass accumulation and achieving a greater
peak bone mass independent of sex. The effects of
loading appear to be limited to the loaded bones.
Starting the exercise before puberty has an addi-
tional benefit, since exercise elicits geometrical
changes in bone, which in turn enhance mechan-
ical competence. Continuing sport practice is as-
sociated with fewer bone fragility fractures in old
age in both men and women.

Several training methods have been used to
improve BMD and content in prospective stu-
dies. Not all exercise modalities have positive
effects on bone mass. For example, unloaded

exercise, like swimming and cycling, has no im-
pact on bone mass, while walking or running has
limited positive effects.

It is not clear which is the best training method
for enhancing bone mass, although scientific
evidence points to a combination of high impact
exercises (i.e. jumping) with weight-lifting exer-
cises. High impact exercise, even a limited
amount, appears to be the most efficient to en-
hance bone mass except in postmenopausal
women. Several types of resistance exercise have
been tested with positive results when the in-
tensity of the exercise was high and the speed of
movement elevated. Resistance training is posi-
tively associated with high BMD in both young
people and adults, and the effect of resistive
exercise is relatively site specific to the working
muscles and the bones to which they attach.
However, more studies are needed to establish
whether there are sex differences in the bone re-
sponse to training. Although aerobic exercise and
weight-bearing physical activity are important in
maintaining overall health and healthy bones,
resistance exercise has been shown to have a more
potent effect on bone density. Studies performed
in older adults show a sex discrepancy. Older men
respond better to osteogenic training protocols
than their female counterparts, although rando-
mized longitudinal studies on the effects of
exercise on bone mass in the elderly are still
lacking. Old women show only mild increases
or just a maintenance or attenuation of BMD
losses. It remains to be determined if old women
need a different exercise protocol to men of
similar age.

Impact and resistance exercise should be ad-
vocated for the prevention of osteoporosis. For
those with osteoporosis, weight-bearing exercise
in general, and resistance exercise in particular, as
tolerated, along with exercise targeted to improve
balance, mobility and posture, should be re-
commended to reduce the likelihood of falling
and its associated morbidity and mortality.

There is certainly a need for additional ran-
domized, controlled trials in this research area,
which will allow development of criteria for ap-
propriate training loads according to age, sex,
actual bone mass and past training history.
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