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Abstract The cumulative risk of fracture for a postmeno-
pausal woman over the age of 50 can reach up to 60%.
Exercise has the potential to modify fracture risk in post-
menopausal women through its effects on bone mass and
geometry; however, these effects are not well characterized.
To determine the effects of exercise on bone mass and
geometry in postmenopausal women, we conducted a
systematic review of the literature. We included all random-
ized controlled trials, cross-sectional studies, and prospective
studies that used peripheral quantitative computed tomogra-
phy to assess the effects of exercise on bone mass and
geometry in this population. Exercise effects appear to be

modest, site-specific, and preferentially influence cortical
rather than trabecular components of bone. Exercise type also
plays a role, with the most prominent mass and geometric
changes being observed in response to high-impact loading
exercise. Exercise appears to positively influence bone mass
and geometry in postmenopausal women. However, further
research is needed to determine the types and amounts of
exercise that are necessary to optimize improvements in bone
mass and geometry in postmenopausal women and determine
whether or not these improvements are capable of preventing
fractures.

Keywords Bone geometry . Exercise . Physical activity .

Postmenopausal women . pQCT

Introduction

Approximately 30% of postmenopausal women have
osteoporosis [1], and the cumulative risk of fracture for a
woman in her 50s can reach up to 60% [2, 3]. While there
are many pharmacologic agents available for the prevention
of osteoporosis, widespread and long-term use of these
agents is limited due to side effects [4, 5], costs [6], and
poor long-term compliance [7]. Therefore, it is essential
that non-pharmacologic strategies to prevent osteoporosis
continue to be identified and evaluated.

The value of exercise as a means to prevent post-
menopausal bone loss has been explored extensively over
the past two decades. Most studies have examined the
effects of exercise on bone mineral density (BMD) using
dual energy X-ray absorptiometry (DXA). Generally
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speaking, in postmenopausal women, the effects of exercise
on BMD by DXA are site-specific and relatively modest.
Aerobics, weight-bearing, and resistance exercises are all
effective at preventing some loss of BMD in postmeno-
pausal women, particularly at the lumbar spine; however,
these benefits are generally less than 2% [8–10].

While BMD is an important contributor to bone strength,
geometric properties (size or shape) of bone also play an
essential role. Due to its planar nature, DXA cannot
adequately assess geometric properties of bone. In contrast,
peripheral quantitative computed tomography (pQCT) can
measure bone volume, size, and shape, can distinguish
between trabecular and cortical components of bone, and
can provide estimations of whole bone strength. Although
pQCT cannot measure axial bone sites such as the lumbar
spine and hip, which are classic sites for osteoporotic
fracture [11], pQCT may be a valuable tool that can provide
additional information about the effects of exercise on bone
in postmenopausal women that cannot be elucidated by
DXA.

To determine the current state of knowledge regarding
the effects of exercise on bone mass and geometry assessed
by pQCT in postmenopausal women, we conducted a
systematic review of the literature.

Methods

An experienced medical librarian conducted a computer-
ized search of three databases (MEDLINE, EMBASE, and
the Cochrane Central Register of Controlled Trials) that
included all available published literature until November
2008. The search was conducted using a combination of the
following keywords: postmenopausal women, pQCT, phys-
ical activity, physical fitness, exercise, exertion, bone
geometry, bone structure, and bone architecture. The
complete search strategy is available upon request. In
addition, two authors (CJH, SAJ) hand-searched references
within the published literature on the topic.

We included all randomized controlled trials, cross-
sectional, and prospective studies that used pQCT alone or
in addition to other imaging techniques (such as DXA) to
assess the effects of exercise training or physical activity
participation on bone mass and geometry in postmenopaus-
al women. We did not distinguish between the types of
pQCT machines used (Scanco Medical, Zurich, Switzerland
versus Stratec Medizintechnik, Pforzheim, Germany), given
the limited amount of available literature. Two reviewers
(CJH, SAJ) independently examined all potentially relevant
abstracts (n=293) and if there was a disagreement for
article inclusion; the paper was reviewed again and a joint
decision was made. A summary of the review process is
presented in Fig. 1.

For all papers, we reported on bone mass and geometry
findings by pQCT as well as by DXA where presented.
Whenever possible, we reported the results as mean
differences (%) between groups at follow-up. Otherwise,
we reported the results in the form in which they were
given in the original paper.

Results

Study design, sample size, and statistical methods

Twelve studies met the necessary criteria for inclusion in
our review [12–23]; four randomized controlled trials, one
non-randomized trial, three cross-sectional studies, and four
prospective cohort studies. These studies are summarized in
Tables 1 through 3 according to study design.

Sample sizes varied across studies ranging from 98 to
234 participants in the controlled trials, 126 to 239
participants in the cross-sectional studies, and 31 to 208
participants in the prospective investigations.

Statistical methods were valid and comparable across
studies. In the controlled trials, general linear modeling
techniques were used to report the effects of the exercise
interventions on bone outcomes and most studies [16, 17,
20] adjusted for clinically relevant confounders (i.e., age
and body weight, etc.). In terms of statistically addressing
exercise compliance, two studies [16, 20] provided separate
ITT and efficacy analyses and one study adjusted for the
average frequency of attendance at the exercise program
[12]. Cross-sectional and prospective studies reported on
associations between exercise participation and bone out-
comes, and for the most part also adjusted for pertinent
confounders (all of the cross-sectional studies and two of
the prospective studies [15, 21]).

Potentially relevant publications identified 
and screened (n = 293) 

Papers excluded on basis of title 
and abstract (n = 278) 

Papers retrieved for more detailed 
evaluation (n = 15) 

Publications included (n = 12) 

Excluded studies  (n = 3): 
 
Assessed habitual gait 
loading not exercise or 
physical activity 
participation:  (n = 3) 

Fig. 1 Flow chart of the manuscripts reviewed, included, and
excluded in the review
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Subject characteristics

Eight of 12 studies assessed postmenopausal women
between the ages of 50 and 71 years [12, 13, 18–23]. One
study included postmenopausal women under the age of
50 years [14] and three studies examined a more elderly
population (women over the age of 72 years) [15–17].
Three studies were in Asian women (two in Hong Kong
Chinese women [13, 18], one in Japanese women [14]), six
studies were in Finnish women [15, 16, 20–23], one study
was in Italian women [12], and two were in North
American women (one in American women [19] and one
in Canadian women [17]). Years since menopause (YSM)
ranged from less than 10 years in five studies [13, 14, 18–
20] to 10 and 20 years in four studies [12, 21–23], and
greater than 29 years in one study [17]. Two studies did not
report YSM as all participants were over the age of 70 years
[15, 16]. Mean body mass index was <30 kg/m2 in all
studies. Exclusion criteria was similar in most studies and
generally excluded individuals who were chronically ill,
had a prior history of fracture, were currently using
hormone therapy or medications known to affect bone
metabolism, or had conditions known to affect bone
metabolism such as hypo- and hyperthyroidism, hypo-
and hyperparathyroidism, or renal and liver disease. Two
studies [17, 23] included women on bisphosphonates or
estrogen therapy; however, the use of these medications
was adjusted for in the analyses.

Exercise assessment

The exercise programs used in the controlled trials varied in
frequency, duration, training period, and type of exercise.
The frequency of training ranged from two to five times per
week, the session durations lasted anywhere between 50
and 100 min, and the training periods were either 6 or
12 months in length. Several types of exercise were
assessed, including: high-impact bone loading activities
(volleyball, multidirectional jumping), low-impact weight-
bearing Tai Chi Chuan, resistance training, balance and
agility exercises, or a combination of exercise types. The
majority of training programs targeted the lower limbs. All
studies recruited subjects who had no prior history of
regular exercise and were not currently participating in any
form of exercise on a consistent basis. Generally speaking,
control subjects were counseled to maintain their current
level of physical activity throughout the trial, with the
exception of one trial where control subjects participated in
sham exercise (stretching) [17]. Mean training compliance
across trials was generally 70% or better.

Cross-sectional and prospective studies assessed participa-
tion in leisure physical activity as well as specific sports,
including: resistance and balance-jumping training, FinnishT
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Table 2 Summary of cross-sectional studies

Reference Population Study design Sites
measured

DXA pQCT

Uusi-Rasi
et al.
1999 [23]

GYM: n=117, age=
62.1±4.7

Purpose: examine whether long-term
participation in recreational gymnastics or
folk dancing or estrogen replacement therapy
is associated with mechanically more com-
petent bones and improved muscular strength
and body balance

Hip (femoral
neck,
trochanter)

NS X

SED: n=116, age=
61.5±4.6

Groups: gymnasts and sedentary referents Distal radius NS X

Tibial
midshaft

X BMC: GYM 3.9% (95% CI
0.9–6.9%) greater vs. SED

Cortical area: GYM 3.7%
(95% CI 1.0–6.5%) greater
vs. SED

Finnish PA assessed by questionnaire and
interview and daily walking distance
measured on 3 days with pedometer
at baseline and follow-upa

Distal tibia X BMC: GYM 7.7% (95% CI
3.7–11.9%) greater vs. SED

Total area: GYM 5.1% (95%
CI 0.9–9.4%) greater vs.
SED

Healthy Trabecular BMD: GYM
5.2% (95% CI 1.2–9.2%)
greater vs. SED

Uusi-Rasi
et al.
2002 [22]

PA+: n=59, age=
66.8±2.1

Purpose: examine impact of long-term
physical activity and Ca2+ intake on
non-weight-bearing radius and
weight-bearing tibia

Radial shaft X BS: PA+ 8.5% (95% CI 1.8–
15.6%) greater vs. PA−

PA−: n=67, age=
66.1±1.7

Groups: PA+ and PA− Distal radius X NS

Finnish Habitual PA assessed by interview and
daily walking distance measured on 3
days with pedometera

Tibial shaft X BS: PA+ 8.6% (95% CI 2.6–
14.9%) greater vs. PA−

BMC: PA+ 5.9% (95% CI
0.6–11.6%) greater vs. PA−

Cortical area: PA+ 6.3%
(95% CI 1.5–11.4%) greater
vs. PA−

Healthy Distal tibia X BMC: PA+ 5.0% (95% CI
0.3–9.9%) greater vs. PA−

Shedd et
al. 2007
[19]

DXA n=239 Purpose: examine baseline cross-sectional
relationship between physical activity
quantification methods and cortical and
trabecular volumetric BMD and strength
measures using pQCT and areal BMD
from DXA

Lumbar
spine

NS X

pQCT n=187, age=
53.8±3.3

Hip (total
hip, femoral
neck)

NS X

American Femoral
midshaft

X Cortical area: TAS β=0.161,
p=0.01

Cortical thickness: TAS β=
0.145, p=0.03

BMD: LS or
Proximal Femur T-
score 1.0 to −1.5

3 published methods of quantifying PA:
TAS, PSS, BLE

Distal tibia X BS: PSS (PMI) β=−0.126, p
=0.05

Healthy PA in past 12 months assessed with
Paffenbarger PA Questionnaireb

BS: PSS (SSI) β=−0.132, p
=0.05

Abbreviations: DXA dual energy X-ray absorptiometry; pQCT peripheral quantitative computed tomography; GYM gymnast group; age is
reported in years; SED sedentary group; Healthy: according to screening examination and/or inclusion criteria (no chronic disease or major
medical conditions); NS non-significant; X not measured; BMC bone mineral content; BMD bone mineral density; PA physical activity; BS bone
strength; LS lumbar spine; TAS total activity score; PSS peak strain score; BLE bone loading exposure score; PMI polar moment of inertia; SSI
strength–strain index
aMean percent between-group difference
b Association based on linear regression models
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gymnastics, volleyball, and Tai Chi Chuan. The length of
prospective investigations ranged anywhere from 1 to 6 years.

Bone mass and geometry assessment

In all studies, bone mass and geometry measures were
made using low-resolution pQCT technology. Nine studies
used single slice Stratec machines: XCT 540 (one study),
XCT 960 (one study), and XCT 3000 (seven studies); and
three studies used multislice Scanco machines: Densiscan
1000 (one study) and Densiscan 2000 (two studies). None
of the studies used high-resolution pQCT (HR-pQCT)
which makes the included studies comparable in terms of
image resolution and output. Six studies assessed the tibia
[13, 14, 18, 20, 21, 23], one study assessed the radius [12],
four studies assessed both the radius and the tibia [15–17,
22], and one study assessed the radius and femur [19]. In all
studies, both proximal and distal bone sites were assessed.

Bone mass and geometry variables reported on at distal
sites included: total bone mineral content (BMC), total area,
trabecular area, total BMD, cortical BMD, cortical organ
density, trabecular BMD, integral BMD, density-weighted
polar section modulus, strength–strain index, ratio of
cortical to total area of bone, periosteal circumference,
and polar moment of inertia. At the proximal sites, total
BMC, total cross-sectional area, medullary cavity area,
cortical BMC, cortical area, cortical thickness, cortical
BMD, periosteal circumference, endosteal circumference,
density-weighted polar section modulus, strength–strain
index, and polar moment of inertia were assessed. For
simplicity and ease of comparison among studies, in this
manuscript, we will collectively refer to the terms moment
of inertia, density-weighted section modulus, bone strength
index, and strength–strain index (all of which estimate a
bone’s bending and torsional strength) as bone strength
(BS).

DXA and pQCT findings

Controlled trials

Four randomized controlled trials and one non-randomized
trial reported site-specific benefits of various types of
exercise training programs on bone mass and geometry in
postmenopausal women (Table 1). Adami et al. [12]
evaluated the effects of a 6-month training program
designed to load the wrist (volleyball, impact exercises),
on bone mass, and geometry at the radius in a group of
postmenopausal women (n=234). DXA was used to assess
bone mass at the lumbar spine, hip, and radius. pQCT was
used to assess bone mass as well as geometry at the radius.
DXA measurements at the hip, spine, and radius were
similar between groups before and after intervention. The

lack of training effects observed at the hip and spine sites
were not surprising given that the training program was
designed to specifically load the wrist, and that training
effects are typically site-specific [24]. However, the
discordant DXA and pQCT findings at the radius were
noteworthy. While DXA measures were unremarkable post
training at the radius, pQCT measures revealed that
exercisers had greater cortical area, cortical BMC, and
smaller trabecular BMD at the ultradistal radius than
controls, structural modifications that are associated with
improved bone strength.

Uusi-Rasi et al. [20] reported similar findings in a study
that examined the effects of oral alendronate and weight-
bearing jumping exercises on bone mass and geometry at the
hip, spine, and lower leg in postmenopausal women (n=
152). Women in this study were randomly assigned to one of
four experimental groups over 12 months: (1) 5 mg of
alendronate daily plus exercise, (2) 5 mg of alendronate, (3)
placebo plus exercise, or (4) placebo. Bone mass at the
lumbar spine, hip, and radius were assessed by DXA and
pQCT was used to examine bone mass and geometry at the
tibia. Exercise alone had no effect on bone mass at the
lumbar spine, hip, or radius. Moreover, it had neither an
additive nor an interactive effect with alendronate. However,
post training, exercisers had a greater ratio of cortical bone to
total bone at the distal tibia compared to controls. BS and
cortical area were also greater among exercisers at the distal
tibia and tibial shaft, respectively. Similar to the findings of
Adami et al. [12], site-specific impact exercises seemed to
re-shape cortical components of bone, thereby improving
bone strength.

Karinkanta et al. [16] also reported improvements in BS
among postmenopausal women randomized to a 12-month
resistance and balance-jumping exercise program targeting
the lower limbs. Women in this study (n=144) were
randomly assigned to three different types of training: (1)
resistance training, (2) balance-jumping training, or (3) a
combination of resistance and balance-jumping training.
DXAwas used to assess bone mass and geometry at the hip
and pQCT was used to assess bone mass and geometry at
the radius and tibia. The combination of resistance and
balance-jumping training was effective at maintaining BS at
the tibial shaft among exercisers (BS decreased 2% less)
compared with controls, but did not affect bone mass or
geometry at any other sites. The resistance and balance-
jumping training programs alone did not affect bone mass
or geometry at any measured sites.

Liu-Ambrose et al. [17] examined the effects of
resistance and agility training on bone at the radius and
tibia in elderly women with (n=98) with low BMD
(osteopenic/osteoporotic). Women were randomized to
three training groups: (1) resistance training (targeting
upper limbs, lower limbs, and trunk), (2) agility training
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(targeting lower limbs), or (3) stretching (control). DXA
was used to assess bone mass at the hip and pQCT was
used to assess bone mass and geometry at the radius and
tibia. Post training, cortical BMD was greater in the
resistance training group compared with the agility training
group at the radial shaft and greater in the agility training
group compared with the control group at the tibial shaft.
However, unlike the aforementioned studies, no significant
between-group differences were observed for bone geom-
etry or strength measures.

A final study by Chan et al. [13] evaluated the benefits of
Tai Chi Chuan (TCC) exercise on the tibia in postmeno-
pausal women (n=103) randomized to either TCC exercise
or no exercise over 12 months. Bone mass was assessed at
the lumbar spine and hip using DXA and at the tibia using
pQCT. Post intervention, bone loss was observed in both
TCC and control groups. However, BMD loss among
exercisers was significantly slower in both trabecular and
cortical compartments of the distal tibia compared to
controls. These findings suggest that even low-impact
exercise like TCC may help to maintain volumetric BMD
at loaded bone sites in postmenopausal women.

Cross-sectional studies

All three cross-sectional studies reported positive associations
between physical activity participation and bone mass and
geometry in postmenopausal women (Table 2). Uusi-Rasi et
al. [23] evaluated the benefits of long-term participation in
Finnish recreational gymnastics on bone mass and geometry
at the hip, radius and tibia, by comparing healthy postmen-
opausal women regularly participating in gymnastics (n=
117) with non-gymnasts (n=116). In this study, DXA was
used to assess bone mass at the hip and radius, and pQCT
was used to assess bone mass and geometry at the tibia. No
differences in BMC or BMD were observed between
gymnasts and non-gymnasts at the hip or radius. However,
gymnasts had greater BMC, total area and trabecular BMD
at the distal tibia than the sedentary women. Gymnasts also
had greater BMC and cortical area at the tibial shaft. The
lack of significant findings observed between groups at the
hip and radius is consistent with the existing knowledge that
training effects are typically site-specific and generally only
affect loaded bone sites [24]. In this case, Finnish recrea-
tional gymnastics primarily loads the lower limbs, and
therefore benefited both bone mass and geometry of both
trabecular and cortical bone.

Another study by Uusi-Rasi et al. [22] examined the
impact of habitual physical activity (PA) participation and
calcium intake on bone geometry at the radius and tibia in
healthy women, 126 of them were postmenopausal. Based
on the results of a questionnaire, women were divided into
groups according to their habitual levels of PA (PA+ or

PA−) and calcium intake (Ca+ or Ca−). Bone mass and
geometry variables assessed by pQCT at the radius and tibia
were then compared among groups. Postmenopausal
women in the physically active group (PA+) had greater
BS at the radial shaft than inactive women (PA−),
suggesting a mechanically more competent radial cortical
structure among the physically active women. No differ-
ences were found between PA+ and PA− groups at the distal
radial site. At the tibia, the PA+ group had greater BMC at
the distal site, as well as greater BMC, cortical area and
overall BS at the shaft site than the PA− group. The multiple
associations observed at radial and tibial shaft sites, suggest
that cortical bone components may be more sensitive to
loading effects than trabecular components. Further, a more
active lifestyle may be beneficial for bone strength.

A final study by Shedd et al. [19] contradicts data from
the aforementioned studies by reporting both positive as
well as negative associations between physical activity and
bone mass and geometry in postmenopausal women. This
study compared three methods of quantifying physical
activity [peak strain score (PSS), hip bone loading exposure
score (BLE) and total activity score (TAS)] to identify
which method had stronger associations with BMD at the
hip, spine, and femoral neck assessed by DXA, as well as
with volumetric density and strength measures at the distal
tibia and midshaft femur assessed by pQCT. Postmeno-
pausal women (n=239) from Iowa (ISU) and California
(UCD) completed the Paffenberger physical activity ques-
tionnaire, which was scored with each of the three methods.
No method was associated with BMD by DXA at any bone
site. At the tibia, PSS was negatively associated with
measures of BS, but no significant associations were found
with the TAS or hip BLE scores. At the femur, TAS was
positively associated with cortical area and cortical thick-
ness. The positive findings from this study are in line with
the aforementioned data which suggests that physical
activity can benefit cortical bone at load-bearing sites such
as the femur. The negative associations are surprising and
contradict the majority of literature that indicates that
exercise has a beneficial effect on bone [25]. However,
the authors state that, because the UCD women were more
active than ISU women, one group may have negated the
effects of the other when pooled, which could have
accounted for the negative findings.

Prospective studies

Three of four prospective studies reported longitudinal
benefits of exercise participation on bone mass and geometry
in postmenopausal women (Table 3). Ito et al. [14] evaluated
the effects of habitual volleyball practice on bone mass at the
lumbar spine and calcaneus (by DXA) and bone mass and
geometry at the tibial diaphysis (by pQCT) in a group of pre-,
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peri-, and postmenopausal women. Women belonging to a
non-professional volleyball club for more than 10 years were
compared with sedentary women. At baseline, postmeno-
pausal volleyball players (n=20) had greater areal BMD at
the lumbar spine and calcaneus compared to sedentary
women (n=35). Volleyball players also had greater volumet-
ric BMD, cortical area, and BS at the tibial diaphysis. Annual
rates of BMD loss (over 12 and 24 months) at the calcaneus
and tibial diaphysis were slower in volleyball players than
sedentary women, suggesting a potential role for recreational
volleyball in the prevention of age-related areal and volu-
metric BMD loss at the calcaneus and tibia, sites that are
heavily loaded by volleyball.

A similar study by Qin et al. [18] compared bone mass and
geometry in TCC exercisers with sedentary women. Bone
mass was assessed at the lumbar spine and hip by DXA and
bone mass and geometry were assessed at the tibia by pQCT.
At baseline, regular TCC exercisers (DXA n=15, pQCT n=
16) had greater areal BMD at the lumbar spine and hip than
sedentary women (DXA n=11, pQCT n=15). TCC exer-
cisers also had greater trabecular BMD at the ultradistal tibia.
At 12-month follow-up, no differences were observed
between groups for areal BMD measures at the hip and
spine; however, TCC exercisers had slower cortical BMD
loss at the distal tibial diaphysis and slower trabecular BMD
loss at the ultradistal tibia compared with the sedentary
women, suggesting a role for TCC in the maintenance of both
trabecular and cortical BMD in postmenopausal women.

Longitudinal benefits of exercise participation were also
demonstrated in a 6-year prospective study by Uusi-Rasi et
al. [21] (follow-up to a previous cross-sectional study Uusi-
Rasi et al. 1999 [23]; see Table 2) evaluating the effects of
long-term participation in recreational Finnish gymnastics
on bone mass and geometry at the hip (by DXA) and tibia
(by pQCT) in postmenopausal women (n=208). Bone mass
and structural strength decreased at a similar rate in both
gymnasts and sedentary referents over the 6-year period.
However, compared with sedentary referents, gymnasts had
consistently higher mean bone values at measured bone
sites, indicating that many of benefits reported in the
previous study had been preserved.

In a final study by Karinkanta et al. [15], postmeno-
pausal women who participated in a previous randomized
controlled trial (n=121) were followed up 12 months after
cessation of the intervention to assess the maintenance of
the original exercise effects of a resistance and balance-
jumping training program (see Karinkanta et al. 2007 [16];
Table 1). In the original randomized controlled trial, the
combination training group had greater BS at the tibial shaft
compared to the control group. At 1-year follow-up post
intervention, this effect was no longer present, suggesting
that the maintenance of loading effects on the skeleton may
depend on continual exercise exposure.

Discussion

Summary of findings

Collectively, this review suggests that exercise is capable of
modifying bone mass and geometry in postmenopausal
women, adaptations that may theoretically improve bone
strength. Specifically, training effects appear to be modest,
site-specific, and primarily affect cortical rather than
trabecular components of bone.

The trend for exercise to primarily influence cortical
components of bone prevailed in both interventional as well
as observational studies. Most studies reported benefits of
training on cortical BMD, cortical area, and/or bone
strength at both distal and shaft sites of loaded bone
segments [12–14, 16–20, 22, 23]. The effects of exercise on
trabecular components of bone were less definitive. Of the
eight studies that assessed trabecular bone measures, only
four [12, 13, 18, 23] showed changes in response to
exercise. Generally, exercise helped to maintain trabecular
BMD at distal sites of loaded bone segments; however,
results were heterogeneous, with one study showing a loss
of trabecular BMC with training [12].

The ability of exercise to primarily affect cortical
components of bone has important clinical implications.
First, bones increase in size as we age [26–29], an
adaptation that enhances structural competence, as a larger
cross-sectional area and cortical diameter allows for better
resistance to bending and compressive loads [30]. Exercise
seems to enhance this age-related adaptation, which may in
turn decrease fracture risk. Second, it is plausible that
exercise may counteract natural age-related changes in bone
structure observed in postmenopausal women. Recent
reports suggest that bone fragility in postmenopausal
women appears to be a consequence of both reduced
periosteal bone formation and increased endocortical
resorption [31, 32]. As exercise has been shown to improve
both cortical area and cortical BMD, as well as slow
trabecular bone loss, it may play a role in mediating these
effects. Finally, the effects of exercise on cortical bone may
also be particularly complimentary to current drug therapies
for osteoporosis which are primarily known to have greater
affects on trabecular components of bone [33].

Our review also highlighted that a variety of exercise
types can be beneficial for bone geometry and the type of
exercise seems to play a role in influencing the degree of
the training effect. In general, physical activities previously
reported to have the most substantial effect on the skeleton
include those that involve: (a) high-impact, rapid, forceful
loading (e.g., running, jumping, gymnastics, volleyball); (b)
changing, diverse, or novel loading angles (e.g., ball sports,
gymnastics); (c) weight-bearing, high forces (e.g., dancing,
weight lifting); and (d) a direct impact on the bone of
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interest (e.g., dominant arm of tennis players) [34]. For the
most part, our review was consistent with these findings. In
the controlled trials, the most substantial changes in bone
mass and geometry were reported in response to high-
impact loading activities like volleyball and jumping [12,
20], more moderate effects were reported with resistance
and agility training [17], and the smallest effects were
observed with low-impact activities like TCC [13]. How-
ever, in the study by Karinkanta et al. [16], exercise effects
were achieved only when all three aforementioned training
types were combined.

Limitations

The studies included in our review had several limitations.
Of the 12 published studies, only four were randomized
trials. The absence of randomization in more than half of
the available literature introduces a potential for bias.
Further, sample sizes were small in the majority of studies,
and there was a large variation in the types of exercise
assessed. In addition, the lack of standardization among
pQCT scanning techniques as well as the diversity of
variables examined and skeletal sites at which bone
geometry was assessed makes it difficult to compare and
synthesize findings.

The majority of studies were in Asian (Chinese and
Japanese) and European (Finnish and Italian) women. The
prevalence of osteopenia and osteoporosis as well as
patterns of postmenopausal bone loss varies in a predict-
able manner with respect to race and ethnicity [35].
Therefore, results from the studies to date cannot be
generalized to all populations of women. Further, women
included in these studies had baseline BMD scores ranging
from normative to osteoporotic. The responsiveness of
BMD to exercise may vary with the degree of BMD loss
severity, and thus may influence exercise effects. The age
range of women included in these studies was also large.
As rates of bone loss vary with age [36, 37], comparison
of exercise effects between study groups is difficult. Based
on findings from this review and from the current
literature [38], there is evidence to suggest that younger
women may reap more skeletal benefits from exercise.
One reason for this may be the fact that exercise intensity
is difficult to maintain with ageing [21], as ageing is
associated with muscle atrophy and with degenerative
changes in peripheral nerve and neuromuscular junctions
that result in muscle weakness [39]. As muscles exert large
forces on bones, decreased muscle strength may inhibit
older individuals from maintaining exercise intensity at a
sufficient level to cause changes in bone. Exercise effects
were lessened in the two interventional studies assessing
older populations of women [16, 17], which is consistent
with this hypothesis.

Finally, there is limited data on the effects of leisure
physical activity on bone mass and geometry in postmen-
opausal women. The exercise training programs employed
in the interventional trials were specialized, and may not be
representative of programs that can be adhered to in a non-
interventional setting, or that are attainable for populations
of women that are more frail and limited in their ability to
perform vigorous activity. Physical activity that is commu-
nity based and accessible to populations of women that
cannot participate in institutionally based activity programs
needs to be explored.

Conclusions

This review highlights the importance of examining bone
mass and geometry by pQCT in addition to DXA when
assessing the skeletal response to exercise training in
postmenopausal women. In almost all of the studies
examined, changes in bone mass and geometry were
evident by pQCT even when DXA measurements were
unremarkable. Although most of the measured bone sites
with pQCT and DXA differed, pQCT measures provided
additional information about the effects of exercise on bone
that could not be elucidated by DXA. Therefore, using
pQCT as well as DXA may provide a more complete
picture of the effects of exercise on bone in postmenopausal
women.

In summary, exercise appears to positively influence
bone mass and geometry in postmenopausal women, but
effects are modest and appear to be dependent on continued
participation in exercise as well as on the ability to maintain
sufficient exercise intensity. More research is necessary to
fully understand what types of exercise and how much
exercise is best to achieve improvements in bone mass and
geometry, and whether such adaptations are in fact capable
of preventing fractures.
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